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F O R W A R D
T h e p a p e r s w h i c h f o l l o w s u m m a r i z e t h e r e s e a r c h p e r f o r m e d b y t h e
g r a d u a t i n g s e n i o r s f r o m t h e M i c r o e l e c t r o n i c E n g i n e e r i n g P r o g r a m a t
t h e R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y ( R I T ) . P r i o r t o t h e i r f i n a l
q u a r t e r o f s t u d y , t h e s t u d e n t s s u b m i t a p r o p o s a l f o r a r e s e a r c h
t o p i c i n c l u d i n g t h e r e l e v a n c e o f t h e p r o j e c t t o t h e M i c r o e l e c t r o n i c s
f i e l d a n d t h e E n g i n e e r i n g p r o g r a m a t R I T , m e t h o d o l o g y , t e n t a t i v e
t i m e t a b l e a n d b u d g e t . A f t e r a f a c u l t y c r i t i q u e , t h e p r o j e c t i s
e i t h e r a c c e p t e d a s p r o p o s e d o r r e v i s e d . T h e r e a f t e r , t h e s t u d e n t
p e r f o r m s t h e r e s e a r c h i n d e p e n d e n t l y w i t h w e e k l y m e e t i n g s w i t h t h e
c o u r s e c o o r d i n a t o r t o m o n i t o r p r o g r e s s , o b t a i n s u p p l i e s , a n d r e v i s e
t h e e x p e r i m e n t a s r e s u l t s d e v e l o p . T h e i r r e s u l t s a r e p r e s e n t e d
o r a l l y a t t h e A n n u a l M i c r o e l e c t r o n i c E n g i n e e r i n g C o n f e r e n c e a n d i n
w r i t t e n f o r m i n t h i s j o u r n a l . T h e s t u d e n t i s f r e e ( a n d e n c o u r a g e d )
t o s e e k t h e g u i d a n c e o f o t h e r f a c u l t y m e m b e r s , b o t h i n a n d o u t s i d e
t h e M i c r o e l e ’ ~ t r o n i c E n g i n e e r i n g F a c u l t y , r e s e a r c h e r s a t o t h e r
i n s t i t u t e s , o r i n d u s t r i a l c o l l e a g u e s .
T h e c o u r s e i s d e s i g n e d t o m o d e l t h e t y p e o f a c t i v i t i e s i n v o l v e d
i n g r a d u a t e s t u d y p r o g r a m s . I t a l s o p r o v i d e s t h e s t u d e n t w i t h t h e
o p p o r t u n i t y t o e x e r c i s e t h e s k i l l s o b t a i n e d o v e r t h e l a s t f i v e y e a r s
a n d / o r t o d e v e l o p n e w s k i l l s . T h e a r e a s o f t e c h n i c a l w r i t i n g a n d
o r a l p r e s e n t a t i o n a r e g i v e n s p e c i a l e m p h a s i s i n t h i s c o u r s e . A
s e r i e s o f s e m i n a r s , o n a r e a s o f M i c r o e l e c t r o n i c s , t h a t a r e n o t
a d e q u a t e l y c o v e r e d i n t h e c o u r s e w o r k , c o m p l e m e n t t h e e x p e r i m e n t a l
w o r k . T h i s p r o v i d e s t h e u n d e r g r a d u a t e s t u d e n t s w i t h a n o p p o r t u n i t y
t o p r e p a r e f o r t h e i r p r e s e n t a t i o n s b y l i s t e n i n g t o o t h e r s . O v e r a l l ,
t h e S e n i o r S e m i n a r a n d R e s e a r c h C o u r s e o f f e r s t h e R I T s t u d e n t a n
u n i q u e e x p e r i e n c e t o o b t a i n c o m p e t e n c e i n b o t h t e c h n i c a l p e r f o r m a n c e
a n d i n t h e p r e s e n t a t i o n o f t h e i r w o r k i n w r i t t e n a n d o r a l m e d i a .
T h e s e a r e c r i t i c a l a r e a s i n E n g i n e e r i n g t h a t a r e o f t e n n e g l e c t e d i n
a c o n v e n t i o n a l c u r r i c u l u m .
N o t a l l s t u d e n t s a r e a b l e t o m a i n t a i n t h e p r o p e r s e q u e n c e o f
c o u r s e s , t h u s t h e y c o m p l e t e t h e i r p r o j e c t i n a n o t h e r q u a r t e r w h e n
t h e r e i s n o c o n f e r e n c e . A s s u c h , t h e i r p a p e r s m a y n o t f o l l o w t h e
n o r m a l c o n v e n t i o n s . T h e s e p a p e r s a r e i n c l u d e d a t t h e e n d t h e
J o u r n a l f o r c o m p l e t e n e s s o f t h e p r o j e c t s p e r f o r m e d a t R I T .
W e h o p e t h e r e a d e r w i l l f i n d t h i s j o u r n a l i n f o r m a t i v e a n d a s k
y o u r i n d u l g e n c e c o n c e r n i n g a n y t e c h n i c a l e r r o r s . W h i l e a s t r o n g
e f f o r t i s m a d e t o e l i m i n a t e a n y m i s t a k e s , s o m e e s c a p e o u r d e t e c t i o n
d u e t o t h e n a t u r e o f t h e c o u r s e . W e i n v i t e c o m m e n t s a n d q u e s t i o n s
r e g a r d i n g a n y o f t h e p a p e r s . a s t h i s i n p u t f r o m o t h e r s n o t d i r e c t l y
i n v o l v e d w i t h t h e M i c r o e l e c t r o n i c E n g i n e e r i n g P r o g r a m a t R I T h e l p s
u s t o s e e o u r s e l v e s t h r o u g h t h e “ e y e s ” o f o t h e r s . T h i s f e e d b a c k
h e l p s k e e p u s c u r r e n t i n o u r g o a l t o p r o v i d e q u a l i t y e n g i n e e r s f o r
t h e M i c r o e l e c t r o n i c i n d u s t r y . F u r t h e r d e t a i l s o f t h e e x p e r i m e n t s
a r e a v a i l a b l e u p o n r e q u e s t f r o m t h e M i c r o e l e c t r o n i c E n g i n e e r i n g
O f f i c e a t R I T .
M i c h a e l A . J a c k s o n
C o u r s e C o o r d i n a t o r
A C K N O W L E D G M E N T S
A s p e c i a l n o t e o f a p p r e c i a t i o n i s d u e t o t h e p e o p l e
t h a t a s s i s t t h e s t u d e n t s i n t h e i r w o r k . W h i l e m a n y o f
t h e s t u d e n t s h a v e i n d i v i d u a l l y c i t e d t h o s e p e o p l e
d i r e c t l y i n v o l v e d w i t h t h e i r p r o j e c t , t h e e d i t o r s w i s h
t o a c k n o w l e d g e s e v e r a l i n d i v i d u a l s w h o h a v e d i r e c t l y o r
i n d i r e c t l y i n f l u e n c e d t h e s e p r o j e c t s . T h e s e p e o p l e a r e
t h e R I T t e c h n i c i a n s a n d m a i n t e n a n c e s t a f f , w i t h o u t
w h o m , t h e f a c i l i t y w o u l d n o t f u n c t i o n . A s p e c i a l n o t e
o f t h a n k s i s d u e S c o t t B l o n d e l l , o u r F a c i l i t i e s
M a n a g e r , a n d o u r T e c h n i c i a n s G a r y R u n k l e a n d T o m
V a n d e n b o s c h . I n v a r i a b l y , e x t r a d e m a n d s a r e p l a c e d o n
t h e i r t ’ i i i t e a s s t u d e n t s l e a r n , u s e , m o d i f y , a n d / o r b u i l d
e q u i p m e n t . H u m a n n a t u r e b e i n g w h a t i t i s , t h e s e
d e m a n d s r i s e “ e x p o n e n t i a l l y ” a s t h e s t u d e n t c o n f e r e n c e
n e a r s . S c o t t , G a r y , a n d T o m d o a n o u t s t a n d i n g j o b f o r
a l l t h e s t u d e n t s , a n d i t s h o w s i n t h e w i d e v a r i e t y o f
p r o j e c t s t h a t a r e r e p o r t e d h e r e i n . T h a n k s g u y s !
W i t h o u t y o u , t h i s c o u r s e w o u l d n o t b e t h e s u c c e s s i t i s
t o d a y .
A s a n u n i q u e a c c o m p l i s h m e n t o f t h e C l a s s o f 1 9 9 1 i n
M i c r o e l e c t r o n i c E n g i n e e r i n g a t R I T , t h e p r e s e n t a t i o n s
g i v e n b y t h e s e s t u d e n t s a t t h e a n n u a l C o n f e r e n c e w e r e
o f s u c h q u a l i t y , t h a t D r . P a u l E . P e t e r s e n , D e a n o f
E n g i n e e r i n g a t R I T , d e e m e d t h e i r e f f o r t w o r t h y o f a
D R E A M S ( D e a n ’ s R E c o g n i t i o n A w a r d o f M e r i t a n d S e r v i c e )
a w a r d . T o o u r l a t e s t E n g i n e e r s , t h a n k y o u f o r a j o b
w e l l d o n e .
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I N T R O D U C T I O N
M u l t i p l e l a y e r s o f m e t a l i n t e r c o n n e c t s [ 1 ] h a v e b e c o m e t h e
n o r m i n i n d u s t r y f o r t h e b a c k e n d p r o c e s s i n g o f s e m i c o n d u c t o r
w a f e r s a s d e v i c e g e o m e t r i e s h a v e s h r u n k t o s u b m i c r o n d i m e n s i o n s
a n d i n c r e a s i n g l y f a s t e r d e v i c e s a r e s o u g h t . M u l t i p l e
i n t e r c o n n e c t l a y e r s a l l o w d e v i c e s t o b e p a c k e d m o r e d e n s e l y o n a
c h i p , s i n c e l e s s a r e a i s r e q u i r e d t o r o u t e i n t e r c o n n e c t l i n e s .
~ d d i t i o n a l l y , t h e s e s h o r t e r l i n e s h a v e a l o w e r c a p a c i t a n c e , t h u s
r e d u c i n g t i m e d e l a y r e s t r i c t i o n s o n o p e r a t i n g s p e e d .
I n t e r c o n n e c t m e t a l s a n d i n t e r l e v e l d i e l e c t r i c s m u s t b e
c h o s e n s u c h t h a t t h e n e c e s s a r y p r o c e s s i n g w i l l n o t i n t e r f e r e w i t h
d e v i c e c h a r a c t e r i s t i c s . F o r m o s t b a c k e n d p r o c e s s i n g , h i g h
t e m p e r a t u r e s t e p s m u s t e i t h e r b e e l i m i n a t e d o r m i n i m i z e d t o
p r e v e n t t h e o u t d i f f u s i o n o f d o p e d r e g i o n s i n t h e s u b s t r a t e .
I n t e r c o n n e c t a n d i n t e r l e v e l d i e l e c t r i c m a t e r i a l s c a n , t h e r e f o r e ,
o n l y b e a p p l i e d a t l o w t o m o d e r a t e t e m p e r a t u r e s . ~ d d i t i o n a l l y ,
t h e s e m a t e r i a l s m u s t p r o d u c e l o w d e f e c t f i l m s a n d a d h e r e w e l l t o
t h e u n d e r l y i n g s u b s t r a t e s . I n t e r c o n n e c t m e t a l s m u s t h a v e l o w
s h e e t r e s i s t a n c e v a l u e s . M e t a l s h a v i n g s u c h c h a r a c t e r i s t i c s
i n c l u d e a l u m i n u m , m o l y b d e n u m , t u n g s t e n , a n d v a r i o u s s i l i c i d e s .
I n s o m e s c h e m e s , a s u i c i d e f o r m s t h e l o w e r m e t a l l a y e r , a s i t i s
r e s i s t a n t t o t h e t e m p e r a t u r e s r e q u i r e d t o c u r e o r r e f l o w t h e
d i e l e c t r i c f i l m , a n d a l u m i n u m f o r m s t h e u p p e r m e t a l l a y e r , s i n c e
i t h a s b e t t e r s t e p c o v e r a g e . I n t e r l e v e l d i e l e c t r i c s , o n t h e
o t h e r h a n d , m u s t h a v e l o w d i e l e c t r i c c o n s t a n t s ( t o k e e p
c a p a c i t a n c e b e t w e e n m e t a l l a y e r s l o w ) , a n d b e c a p a b l e o f
p r o d u c i n g f i l m s t h i c k e n o u g h ( w i t h o u t c r a c k i n g d u e t o f i l m s t r e s s )
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t o p r o v i d e g o o d s t e p c o v e r a g e [ 1 ] . M a t e r i a l s s u c h a s p o l y i m i d e s ,
s p i n - o n g l a s s , a n d B P S G f i l m s ( s u c h a s T E D S ) l e n d t h e m s e l v e s w e l l
f o r t h i s p u r p o s e . B P S G o f f e r s . t h e a d v a n t a g e t h a t i t w i l l r e f l o w
a t m o d e r a t e t e m p e r a t u r e s a f t e r t h e v i a e t c h t o p r o d u c e a p r o f i l e
m o r e f a v o r a b l e t o a l u m i n u m d e p o s i t i o n . F o r c o n v e n t i o n a l
p r o c e s s e s , a s l o p e d v i a p r o f i l e a s s h o w n i n F i g u r e 1 . ( a ) i s
g e n e r a l l y p r e f e r a b l e s i n c e i t a l l o w s f o r b e t t e r s t e p c o v e r a g e o f
t h e M e t a l 2 l a y e r . F a b r i c a t i o n t e c h n i q u e s u t i l i z i n g a v e r t i c a l
v i a s i d e w a l l , h o w e v e r , a r e a r e b e c o m i n g m o r e w i d e l y u s e d a s l e s s
s u r f a c e a r e a i s r e q u i r e d f o r t h e v i a [ 1 ] . W i t h t h i s s c h e m e ,
t u n g s t e n i s s e l e c t i v e l y d e p o s i t e d a n d u s e d t o f o r m a p l u g a s
s h o w n i n F i g u r e 1 . ( b > . r ~ p l a n a r i z a t i o n p r o c e s s , h o w e v e r , m a y b e
n e c e s s a r y t o a c h i e v e a p r o f i l e o v e r w h i c h t h e u p p e r m e t a l l a y e r
m a y b e d e p o s i t e d .
F i g u r e 1 ( a ) :
P r e v i o u s a t t e m p t s h a v e b e e n m a d e a t R . I . T . [ 2 - 7 ] t o d e v e l o p
a p r o c e s s f o r b i l e v e l m e t a l l i z a t i o n u s i n g a v a i l a b l e m a t e r i a l s .
M u m i n u m w a s u s e d f o r b o t h m e t a l l a y e r s , a n d d e p o s i t e d b y
e v a p o r a t i o n . F o r a n i n t e r l e v e l d i e l e c t r i c , m a t e r i a l s s u c h a s
p o l y i m i d e s , p y r o l i z e d p h o t o r e s i s t s , a n d s p i n - o n g l a s s h a d b e e n
e v a l u a t e d . O f a l l t h e m a t e r i a l s e x a m i n e d , s p i n - o n g l a s s ( S O G )
s e e m e d t o b e t h e b e s t c a n d i d a t e f o r a d i e l e c t r i c [ 4 ] . ~ d h e s i o n
t o t h e m e t a l l a y e r s a n d s u b s t r a t e w a s s u p e r i o r t o t h a t o f t h e
o t h e r m a t e r i a l s a n d a d e q u a t e l y h i g h d i e l e c t r i c b r e a k d o w n v o l t a g e s
w e r e m e a s u r e d . G o o d o h m i c c o n t a c t a t t h e v i a s b e t w e e n
i n t e r c o n n e c t l a y e r s , h o w e v e r , c o u l d n o t b e a c h i e v e d d u e t o
s u s p e c t e d p r o b l e m s w i t h t h e v i a e t c h i n g p r o c e s s . E i t h e r t h e v i a s
w e r e u n d e r e t c h e d , a n u n k n o w n f i l m ( p o s s i b l y o r g a n i c ) r e m a i n i n g a t
t h e M e t a l 1 s u r f a c e p r e v e n t e d e l e c t r i c a l c o n t a c t b e t w e e n l a y e r s ,
o r t h e u n d e r l y i n g M e t a l 1 l a y e r w a s s o m e h o w a t t a c k e d b y t h e
b u f f e r e d H F u s e d t o e t c h t h e v i a s .
I n t h i s e x p e r i m e n t , a b i l e v e l m e t a l p r o c e s s u s i n g a l u m i n u m
w i t h 1 ~ s i l i c o n f o r t h e M e t a l 1 l e v e l , p u r e a l u m i n u m f o r t h e
M e t a l 2 l e v e l , a n d ~ c c u g l a s s X - 1 1 3 1 1 s e r i e s S O G [ B ] f o r t h e
i n t e r l e v e l d i e l e c t r i c w a s w a s i n v e s t i g a t e d . E f f o r t s f o c u s e d o n
o v e r c o m i n g t h e t h e o r i z e d v i a e t c h i n g p r o b l e m s .
E X P E R I M E N T
E x p e r i m e n t s t o c h a r a c t e r i z e S O B p r o c e s s i n g w e r e p e r f o r m e d
u s i n g b a r e a n d a l u m i n u m c o a t e d s i l i c o n m o n i t o r w a f e r s . ~ s p i n
s p e e d o f 3 0 0 0 R P M w a s u s e d f o r c o a t i n g t h e S O B . F o r c u r i n g t h e
B O G , a p r e b a k e s t e p o f e i t h e r 1 0 0 ’ C f o r 1 5 m i n u t e s m a
c o n v e c t i o n o v e n o r 1 5 0 ’ C f o r o n e m i n u t e o n a h o t p l a t e , f o l l o w e d
b y a 4 2 5 ’ C c u r e i n N 2 w a s r e c o m m e n d e d [ 8 ] . S i n c e t h e h o t p l a t e
C o n v e n t i o n a l v i a . ( b ) : V e r t i c a l v i a .
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b a k e c a u s e d l a r g e b u b b l e s t o a p p e a r i n t h e f i l m , t h e c o n v e c t i o n
o v e n b a k e w a s u s e d f o r m o s t w a f e r s . F i l m t h i c k n e s s w a s m e a s u r e d
u s i n g a n A l p h a S t e p p r o f i l o m e t e r a n d f o u n d t o b e 2 8 0 0 A o v e r
s i l i c o n a n d 2 3 0 0 A o v e r a l u m i n u m . A f t e r t h e f i n a l c u r e , f i l m s o n
t h e a l u m i n u m w a f e r s w e r e f o u n d t o b e r e l a t i v e l y f r e e o f d e f e c t s .
T h e S O S o n a l u m i n u m w a s e t c h e d u s i n g a s t o c k b u f f e r e d H F ( 7 ~
H F , 3 6 ~ N H 4 F ) s o l u t i o n . V i g o r o u s a t t a c k i n g o f t h e a l u m i n u m w a s
o b s e r v e d b o t h v i s u a l l y a n d i n t h e A l p h a S t e p p r o f i l e , a f t e r t h e
S O S h a d b e e n c l e a r e d . A 5 : 2 v o l u m e t r i c m i x t u r e o f t h e s t o c k H F
s o l u t i o n a n d g l y c e r i n e w a s t h e n u s e d t o e t c h t h e S O S . T h i s
m i x t u r e h a d s u c e s s f u l l y b e e n u s e d t o e t c h C V D o x i d e s o v e r
a l u m i n u m a t I B M [ 9 ] . I t w a s t h e o r i z e d t h a t t h e g l y c e r i n e
m o l e c u l e s f o r m e d a p r o t e c t i v e c o a t i n g o v e r a n y e x p o s e d a l u m i n u m .
W i t h t h e g l y c e r i n e a d d e d , a t t a c k i n g o f t h e a l u m i n u m s u r f a c e w a s
c o m p l e t e l y e l i m i n a t e d . O v e r t h e c o u r s e o f a f e w m i n u t e s ,
h o w e v e r , s e l e c t i v i t y o f t h e e t c h a n t d e t e r i o r a t e d , a n d t h e
a l u m i n u m l a y e r w a s a t t a c k e d . F o r t h i s r e a s o n , t h e e t c h a n t
m i x t u r e h a d t o b e r e p l a c e d a f t e r a f e w w a f e r s w e r e e t c h e d .
E l l i p s o m e t r y w a s u s e d t o m o n i t o r t h e S O G i n t e r f a c e s a f t e r
v a r i o u s p r o c e s s i n g s t e p s . T h e a l u m i n u m f i l m s o n s i l i c o n w e r e
a n a l y s e d t o y i e l d a c o m p l e x r e f r a c t i v e i n d e x . A f t e r c o a t i n g ,
c u r i n g , a n d e t c h i n g t h e S O S , r e m e a s u r e m e n t o f t h e s u r f a c e y i e l d e d
a n a l m o s t i d e n t i c a l r e f r a c t i v e i n d e x , i n d i c a t i n g n o d a m a g e o r
r e s i d u e o n t h e a l u m i n u m f i l m . T h e a p p l i c a t i o n a n d r e m o v a l o f
p h o t o r e s i s t f r o m t h e S O S f i l m w a s s i m i l a r l y s t u d i e d . A g a i n , n o
c h a n g e s i n e l l i p s o m e t r i c p a r a m e t e r s w e r e o b s e r v e d , i n d i c a t i n g n o
d a m a g e t o t h e S O S r e s u l t i n g f r o m t h e r e s i s t p r o c e s s i n g .
E l e c t r i c a l t e s t s t r u c t u r e s f o r t h e e v a l u a t i o n o f v i a s a n d
t h e i n t e r l e v e l d i e l e c t r i c w e r e f a b r i c a t e d o n 3 i n c h w a f e r s u s i n g
t h r e e m a s k i n g l e v e l s : M e t a l 1 , V i a , a n d M e t a l 2 . T h e M e t a l 1
l a y e r w a s d e p o s i t e d o v e r a 2 2 0 0 A t h i c k t h e r m a l o x i d e a n d
p a t t e r n e d . T h e S O S w a s c o a t e d o v e r t h i s l a y e r , t h e V i a l e v e l
e x p o s e d , a n d t h e m o d i f i e d b u f f e r e d H F m i x t u r e d e s c r i b e d e a r l i e r
u s e d t o e t c h t h e v i a s . E t c h t i m e w a s i n c r e a s e d b y 6 6 ~ ( 1 5 s e c o n d s
w e r e r e q u i r e d t o e t c h t h e m o n i t o r s b a r e o f S O S ) t o i n s u r e t h a t
t h e v i a s w o u l d c l e a r . F i n a l l y , t h e M e t a l 2 l a y e r w a s d e p o s i t e d
o v e r t h e S O S a n d p a t t e r n e d . A 2 0 m i n u t e s i n t e r i n f o r m i n g g a s
w a s p e r f o r m e d a t 4 2 5 ‘ C t o i n s u r e c o n t a c t b e t w e e n l a y e r s . A
c r o s s s e c t i o n o f t h e v i a t e s t s t r u c t u r e i s s h o w n i n F i g u r e 2 , a n d
a c o m p l e t e l i s t o f p r o c e s s i n g s t e p s i s f o u n d i n A p p e n d i x C .
M e a l 2 A I u m i x t i ~ m ( p U ~ e ) —
S O C I n t ~ r ] ~ v e 1 D i e 1 e c t i c — ~
M e ~ 1 1 M i ~ m i x ~ m ( 1 % S i ) — i
S u b s ~ a ~ T h e x m a l O x i d e — ~ i
S i l i c o n S ~ b 5 t a ~ — ~ ~
F i g u r e 2 : C r o s s s e c t i o n o f v i a e l e c t r i c a l t e s t s t r u c t u r e .
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F o r p a t t e r n i n g t h e w a f e r s , a t e s t c h i p ( S e e A p p e n d i x A f o r
l a y o u t ) w a s d e s i g n e d o n I C E , a n i n - h o u s e C A D t o o l , a n d e m u l s i o n
m a s k s m a d e w h i c h c o u l d b e u s e d o n a c o n t a c t a l i g n e r . T o t e s t f o r
s h o r t i n g w i t h i n a n d b e t w e e n l a y e r s , o v e r l a p p i n g ( M e t a l 1 a n d M e t a l
2 ) s e r p e n t i n e - c o m b s t r u c t u r e s , p r e v i o u s l y d e s i g n e d [ 7 ] , w e r e
r e t a i n e d i n t h e d e s i g n . C o n t a c t t e s t s t r u c t u r e s h a v i n g t h e
f o l l o w i n g v i a d i m e n s i o n s w e r e d e s i g n e d : 6 x 6 u r n , l O x i O u m , 2 O x 2 O u m ,
a n d 3 O x 9 O u m . T h e s e s t r u c t u r e s i n c l u d e d v i a c h a i n s ( 4 0 v i a s i n
l e n g t h ) w h i c h c o u l d b e t e s t e d o v e r d i f f e r e n t l e n g t h s ( F i g U r e 3 ) ,
a n d c r o s s b r i d g e K e l v i n s t r u c t u r e s ( F i g U r e 4 ) . A d d i t i o n a l l y ,
s t r u c t u r e s f o r a l p h a s t e p p i n g t h e B O G , a n d i n t e r l e v e l
c a p a c i t o r s ( t O t e s t f o r s h o r t i n g a n d d i e l e c t r i c b r e a k d o w n ) w e r e
i n c o r p o r ~ a t e d i n t o t h e t e s t c h i p d e s i g n .
F F i g u r e 4 : K e l v i n s t r u c t u r e
R E S U L T S / D I S C U S S I O N
E l e c t r i c a l t e s t i n g o f t h e v i a c h a i n a n d K e l v i n s t r u c t u r e s b e f o r e
s i n t e r i n g r e v e a l e d n o e l e c t r i c a l c o n t a c t a t t h e v i a s . A f t e r t h e
s i n t e r i n g , h o w e v e r , e l e c t r i c a l c o n d u c t i o n w a s o b s e r v e d a t v i a
s t r u c t u r e s d o w n t o 6 x 6 u m i n s i z e a t s o m e d i e . C o n t a c t w a s
c o n s i s t e n t l y a c h i e v e d f o r t h e 2 O x 2 O u m a n d l a r g e r v i a s . C o n t a c t
r e s i s t a n c e w a s d e t e r m i n e d u s i n g t h e c h a i n s o f 4 0 v i a s , a n d t h e s e
m e a s u r e m e n t s a r e g i v e n i n A p p e n d i x B . T h e t o t a l r e s i s t a n c e o f
t h e c h a i n w a s d i v i d e d b y 4 0 t o o b t a i n a n a p p r o x i m a t e a v e r a g e
r e s i s t a n c e p e r v i a . F o r a l l t h e m e a s u r a b l e v i a s , r e s i s t a n c e s
w e r e o n t h e o r d e r o f 1 O h m , b u t v a r i e d w i t h i n a r a n g e o f + 1 - 1
O h m .
T h e i n t e r l e v e l c a p a c i t o r s a n d o v e r l a p p i n g s e r p e n t i n e - c o m b
s t r u c t u r e s w e r e u s e d t o t e s t f o r s h o r t i n g b e t w e e n l a y e r s . A t
m o s t o f t h e c a p a c i t o r s a n d s e r p e n t i n e s , s h o r t i n g b e t w e e n t h e
l a y e r s w a s o b s e r v e d . A t o t h e r s t r u c t u r e s , d i e l e c t r i c b r e a k d o w n
w a s f o u n d t o o c c u r a t o n l y 4 v o l t s . T h i s i n t e r l e v e l s h o r t i n g i s
b e l i e v e d t o h a v e b e e n c a u s e d b y p i n h o l e s i n t h e B O G . A f t e r t h e
c o a t i n g a n d c u r i n g o f t h e B O G , n u m e r o u s p i n h o l e s w e r e o b s e r v e d i n
a r e a s o v e r t h e a l u m i n u m o n p a t t e r n e d w a f e r s . . T h i s w a s n o t f o u n d
t o o c c u r o n t h e u n p a t t e r n e d a l u m i n u m m o n i t o r s .
I t i s s u s p e c t e d t h a t t h e s e p i n h o l e s w e r e t h e r e s u l t o f a n
e x c e s s i v e l y t h i n d i e l e c t r i c l a y e r o v e r t h e M e t a l 1 r e g i o n s . T h i s
w a s p r o b a b l y d u e t o t h e f a c t t h e M e t a l 1 w a s 4 0 0 0 A t h i c k . T h e
S O G , b y c o n t r a s t , w a s o n l y 2 3 0 0 - 2 B O O A t h i c k . T h i s p r o b l e m m i g h t
b e s o l v e d b y d e p o s i t i n g a t h i n n e r M e t a l 1 l a y e r . M e t a l 1 ,
h o w e v e r , m u s t b e t h i c k e n o u g h t o p r o v i d e a d e q u a t e s t e p c o v e r a g e
a n d s u f f i c i e n t l y l o w s h e e t r e s i s t a n c e .
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~ n o t h e r s o l u t i o n t o t h e p i n h o l e p r o b l e m m i g h t b e a t h i c k e r
c o a t o f 5 0 6 . O n t h r e e w a f e r s , a s e c o n d c o a t o f S O S w a s a d d e d
a f t e r t h e c o m p l e t e d w a f e r s w e r e f o u n d t o h a v e t h e s e p r o b l e m s .
S l i g h t c r a c k i n g , h o w e v e r , w a s o b s e r v e d i n t h e f i l m o v e r a l u m i n u m
r e g i o n s . I n t h i s c a s e , c r a c k i n g m a y b e d u e t o t h e f a c t t h a t t h e
s e c o n d c o a t w a s a p p l i e d a f t e r a f u l l c u r e o f t h e f i r s t c o a t .
~ l l i e d r e c o m m e n d s t h a t a s e c o n d c o a t b e a p p l i e d o n l y a f t e r
p a r t i a l c u r e ( s t a n d a r d s o f t b a k e f o l l o w e d b y a 1 m i n u t e h o t p l a t e
b a k e a t 2 5 0 ’ C ) o f t h e f i r s t l a y e r [ 8 ] . F u t u r e w o r k w i t h S O S
s h o u l d i n v e s t i g a t e t h e u s e o f a p a r t i a l c u r e a f t e r t h e f i r s t
c o a t .
C O N C L U S I O N
~ f t e r s e v e n s e n i o r p r o j e c t s b y s t u d e n t s , i n t e r l e v e l c o n t a c t
a t t h e v i a s h a s f i n a l l y b e e n a c h i e v e d f o r a b i l e v e l m e t a l p r o c e s s
a t R . I . T . ~ w e t e t c h a n t c o n s i s t i n g o f b u f f e r e d H F a n d g l y c e r i n e
m a d e i t p o s s i b l e t o e t c h a s i l i c o n o x i d e f i l m o v e r a l u m i n u m
w i t h o u t a t t a c k i n g t h e u n d e r l y i n g m e t a l . I t i s n o t k n o w n i f u s e
o f a l u m i n u m w i t h 1 ~ s i l i c o n f o r t h e M e t a l 1 l a y e r , a n d p u r e
a l u m i n u m f o r t h e M e t a l 2 l a y e r a l s o p l a y e d a r o l e i n i m p r o v i n g
v i a e l e c t r i c a l c h a r a c t e r i s t i c s . B e f o r e t h i s p r o c e s s c a n b e
i m p l e m e n t e d , h o w e v e r , w o r k i s n e e d e d t o o p t i m i z e t h e p r o c e s s i n g
o f 5 0 6 o v e r a p a t t e r n e d a l u m i n u m s u r f a c e t o d e c r e a s e p i n h o l e
d e n s i t y , a n d i m p r o v e d i e l e c t r i c b r e a k d o w n v o l t a g e s . I n
s u b s e q u e n t w o r k , a t h i n n e r M e t a l 1 l a y e r a n d p o s s i b l y m u l t i p l e
c o a t s o f S O S s h o u l d b e u s e d f o r f a b r i c a t i n g b i l e v e l m e t a l
s t r u c t u r e s .
P ~ C K N O W L E D G M E N T S
I w o u l d l i k e t o t h a n k t h e f o l l o w i n g p e o p l e f o r t h e i r
a s s i s t a n c e w i t h t h e m u l t i l e v e l m e t a l p r o j e c t : M i k e J a c k s o n ,
R e n a n T u r k m a n , a n d B r u c e S m i t h .
R E F E R E N C E S
[ 1 3 W o l f , S . , S i l i c o n P r o c e s s i n g f o r t h e V L S I E r a : V o l u m e 2 ,
C h a p t e r 4 , 1 9 9 0 .
[ 2 ] K n a u s , C . , u n p u b l i s h e d s e n i o r r e s e a r c h p a p e r a t R o c h e s t e r
I n s t i t u t e o f T e c h n o l o g y , 1 9 8 5 .
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R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y , 1 9 8 6 .
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[ 5 ] C a r n i e r o , M . , u n p u b l i s h e d s e n i o r r e s e a r c h p a p e r a t
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R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y , 1 9 8 9 .
[ 7 ] Q u i n n . M . , u n p u b l i s h e d s e n i o r r e s e a r c h p a p e r a t R o c h e s t e r
I n s t i t u t e o f T e c h n o l o g y , 1 9 9 0 .
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A C O M P A R I S O N B E T W E E N R E S I S T H A R D E N I N G U S I N G A C O N F O R M A B L E M O L D
~ N D P L A S M A R E S I S T I M A G E S T A B I L I Z A T I O N : T E C H N I Q U E S T O E N H A N C E
R E S I S T T H E R M A L S T A B I L I T Y
K a t h l e e n M . B r o w n
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R ~ C T
K T I - 8 2 0 , a p o s i t i v e p h o t o r e s i s t w a s
h a r d e n e d u t i l i z i n g t w o d i f f e r e n t m e t h o d s .
T h e P R I S T t e c h n i q u e i n v o l v e d t h e e x p o s u r e o f
t h e p a t t e r n e d r e s i s t t o a p l a s m a c o n t a i n i n g
C F 4 p l u s H e l i u m f o l l o w e d b y a 2 1 0 C , 3 0 m m
p o s t b a k e . T h e R H C M t e c h n i q u e i n v o l v e d t h e
e n c a p s u l a t i o n o f t h e p a t t e r n e d r e s i s t w i t h a
P M M A m o l d f o l l o w e d b y a 2 1 0 C , 3 0 m m p o s t b a k e
a n d s u b s e q u e n t P M M A r e m o v a l . T h e p e r f o r m a n c e
o f h a r d e n e d s t r u c t u r e s o n m u l t i l a y e r
s u b s t r a t e s w a s i n v e s t i g a t e d f o r b o t h d r y
e t c h i n g a n d i o n i m p l a n t a t i o n p r o c e s s e s . T h e
r e s u l t s i n d i c a t e t h a t t h e R H C M t e c h n i q u e i s
t h e s u p e r i o r m e t h o d . S c a n n i n g e l e c t r o n
m i c r o g r a p h s s h o w e d a m i n i m u m a m o u n t o f
p a t t e r n d i s t o r t i o n w h i l e n a n o l i n e
m e a s u r e m e n t s s h o w a m i n i m u m c h a n g e i n
l i n e w i d t h d i m e n s i o n .
I N T R O D U C T I O N
T h e a d v e n t o f s u b m i c r o n f e a t u r e g e o m e t r y p l a c e s g r e a t e r
d e m a n d s o n c o n v e n t i o n a l p o s i t i v e r e s i s t m a t e r i a l s . S u b j e c t i n g
w a f e r s t o e l e v a t e d t e m p e r a t u r e s o r h i g h p o w e r d e n s i t y
e n v i r o n m e n t s ( i e , h i g h c u r r e n t i m p l a n t a t i o n a n d h i g h t h r o u g h p u t
s i n g l e w a f e r e t c h i n g ) r u n s t h e r i s k o f s o f t e n i n g t h e r e s i s t w h i c h
c a n l e a d t o i m a g e d i s t o r t i o n . T e c h n i q u e s a r e n e e d e d t o m a i n t a i n .
p a t t e r n i n t e g r i t y a n d s u f f i c i e n t e t c h r e s i s t a n c e . T h e r m a l
s t a b i l i t y , t h e a b i l i t y o f a r e s i s t m a t e r i a l t o m a i n t a i n i t s i m a g e
a t e l e v a t e d t e m p e r a t u r e s , c a n b e e n h a n c e d b y c r o s s l i n k i n g
g e n e r a l l y t e r m e d r e s i s t h a r d e n i n g [ 1 ] .
C r o s s l i n k i n g i n c r e a s e s t h e m o l e c u l a r w e i g h t o f t h e b i n d e r
w h i c h t r a n s l a t e s i n t o a n i n c r e a s e i n t h e g l a s s t r a n s i t i o n
t e m p e r a t u r e o f t h e r e s i s t . I f t h e t e m p e r a t u r e o f t h e w a f e r
e x c e e d s t h e g l a s s t r a n s i t i o n t e m p e r a t u r e o f t h e r e s i s t , t h e
r e s i s t w i l l f l o w . T h u s , a n i n c r e a s e i n t h e g l a s s t r a n s i t i o n
t e m p e r a t u r e w i l l y i e l d a n i n c r e a s e i n t h e r m a l s t a b i l i t y . F o r
e x a m p l e , w i t h t h e w e l l k n o w n d i a z i - s e n s i t i z e d n o v o l a c r e s i s t
s y s t e m , t h e r e s i s t p a t t e r n s t a r t s t o d e f o r m a t 1 2 0 C . A f t e r
h a r d e n i n g , t h e r e s i s t c a n w i t h s t a n d a t e m p e r a t u r e b e y o n d 2 0 0 C a n d
s t i l l r e t a i n i t s s h a p e [ 2 g .
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O n e m e t h o d o f a c h i e v i n g r e s i s t h a r d e n i n g i n v o l v e s t h e u s e o f
d e e p U V r a d i a t i o n t o c r o s s l i n k t h e r e s i s t [ 3 ] . T h e s h o r t
w a v e l e n g t h r a d i a t i o n i s s t r o n g l y a b s o r b e d b y t h e b i n d e r a t t h e
s u r f a c e o f t h e r e s i s t . T h e r e s i s t i s c o n v e r t e d t o a k e t e n e ,
w h i c h i n t h e a b s e n c e o f m o i s t u r e , w i l l r e a c t w i t h t h e r e s i n a r i d
c r o s s l i n k . S u r f a c e h a r d e n i n g w o r k s w e l l w i t h s m a l l f e a t u r e s b u t
w i t h l a r g e f e a t u r e s t h e s k i n i s n o t s u f f i c i e n t l y r i g i d t o h o l d
t h e b u l k o f t h e r e s i s t t 4 ] . H a r d e n i n g b y e l e c t r o n b e a m o r i o n
b e a m b o m b a r d m e n t c a n c r o s s l i n k t h e r e s i s t , b u t a t t h e r i s k o f
r a d i a t i o n d a m a g e t o t h e s e m i c o n d u c t o r d e v i c e s o n t h e w a f e r . T h e
t w o m e t h o d s o f p r o p o s e d s t u d y i n c l u d e r e s i s t h a r d e n i n g u s i n g a
c o n f o r m a b l e m o l d ( R H C M ) a s d e v e l o p e d b y B . J . L i n [ 5 ] a n d p l a s m a
r e s i s t i m a g e s t a b i l i z a t i o n ( P R I S T ) a s d e v e l o p e d b y U . M a [ 6 ] .
R e s i s t h a r d e n i n g u s i n g a c o n f o r m a b l e m o l d i s a t e c h n i q u e
t h a t c o n s i s t s o f c o a t i n g a n i m a g e d l a y e r w i t h a t h i c k e r p o l y m e r
l a y e r , w h i c h a c t s a s a m o l d t o s t a b i l i z e t h e i m a g e d u r i n g h i g h
t e m p e r a t u r e b a k i n g . N i t h t h e m o l d i n p l a c e , t h e r e s i s t i m a g e i s
b a k e d t o a t e m p e r a t u r e h i g h e r t h a n i t s g l a s s t r a n s i t i o n
t e m p e r a t u r e . T h e t e m p e r a t u r e a n d t h e m o l d i n g m a t e r i a l a r e c h o s e n
s o t h a t o n l y t h e r e s i s t i m a g e i s c r o s s l i n k e d [ 7 ] . B e c a u s e o f
r e e n f o r c e r n e n t f r o m t h e m o l d , t h e r e s i s t i m a g e r e m a i n s i n t a c t
a f t e r h a r d e n i n g . T h e k e y f a c t o r i n p r e v e n t i n g t h e p o s i t i v e
r e s i s t i m a g e f ~ o m r e f l o w i n g d u r i n g t h e 2 1 0 C b a k e . i s t h e
h o m o g e n e o u s l y d i s t r i b u t e d s t r e s s f r o m t h e m o l d . T h i s p r o c e s s i s
d e p i c t e d i n F i g u r e 1 .
H O M O G E N E O U S L Y D I S T R I B U T h D S T R E S S
1 •
W M A M O L D / K I ’ 1 8 2 0 R E S I S T ~ & 3 D E N E D K T I S 2 O R E S I S T
F i 9 u r e 1 : C r o s s — s e c t i o n o f R H C M S e q u e n c e .
T h i s p r o c e s s o f f e r s t h e a d v a n t a g e o f h a r d e n i n g t h e r e s i s t
t h r o u g h o u t t h e b u l k . A s e c o n d n o v o l a c i m a g e c a n b e d e l i n a t e d o n
t o p o f t h e h a r d e n e d i m a g e w i t h o u t a n y i n t e r f a c i a l e f f e c t s . T h i s
m e t h o d i s s e n s i t i v e t o s u r f a c e t o p o l o g y . T h e m o l d m u s t b e o f
s u f f i c i e n t t h i c k n e s s t o c o v e r t h e h i g h e s t p o i n t o f t h e b o t t o m
r e s i s t .
T h e p l a s m a r e s i s t i m a g e s t a b i l i z a t i o n t e c h n i q u e c a n
e f f e c t i v e l y s t a b i l i z e t h e r e s i s t i m a g e a t a t e m p e r a t u r e i i ~
o f 2 1 0 C w i t h o u t a n y r n e a s u r e a b l e c h a n g e i n d i m e n s i o n [ 8 ] . T h e
t y p i c a l P R I S T t r e a t m e n t i s e x e r c i s e d i n a f l u o r i n e p l a s m a . W h e n
t h e r e s i s t p o l y m e r i s s u b j e c t e d t o t h e C F 4 p l a s m a , t h e p o l y m e r
c a n u n d e r g o f r e e r a d i c a l f o r m a t i o n a r i d h y d r o g e n a b s t r a c t i o n t o
f o r m v o l a t i l e p r o d u c t s . T h i s c r e a t e s a h e a v i l y f l u o r i n a t e d
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p o l y m e r w h i c h h a s i n c r e a s e d t h e r m a l s t a b i l i t y . T h e m e c h a n i s m i s
s h à w n i n F i g u r e 2 . A l t h o u g h t h e P R I S T t e c h n i q u e i s c a p a b l e o f
m a i n t a i n i n g t h e o r i g i n a l r e s i s t p r o f i l e i t i s p o s s i b l e t o g e t
d e f o r m a t i o n a t t h e s u r f a c e w h i c h c a n b e c o n t r o l l e d s o m e w h a t b y
a d j u s t i n g p o w e r a n d t i m e p a r a m e t e r s . T h e P R I S T p r o c e s s i s
s e n s i t i v e t o r e a c t o r d e s i g n . T h e a d d i t i o n o f h e l i u m a s a
d i l u t a n t a l l o w s f o r t h e I m p r o v e m e n t i n p r o c e s s c a p a b i l i t y .
R E S I S T P O L Y M ~ U Y D R O G E N B ~ A C ~ T h
- ~ + H F
R A D I C A L R ) R M A T I O N C R O S S L I N K
I L I O C
F i g u r e ~ : C r o s s l i n k i n g M e c h a n i s m U s i n g P R I S T .
A c o m p a r i s o n w i l l b e m a d e b e t w e e n a t y p i c a l d e v e l o p e d r e s i s t
p a t t e r n a n d r e s i s t p a t t e r n s t h a t h a v e b e e n s u b j e c t e d t o t h e R H C M
a n d P R I S T t r e a t m e n t s a c i l l u s t r a t e d i n F i q u r e 3 .
I 1 I I I I
~ l 4 O C P O ~ A K E i P R I S T ! 2 1 O C P O S T h A K E 1 R f l c M ~ 2 1 O C P O ~ A K B
I + I I
I ~ A S M A E ~ t H ~ I
+ + J , P L A s M A E r G I
~ I O N ~ +
I O N M ~ ~ A 1 ~
V / / i l _
F i 9 u r e 3 : E x p e c t e d P r o f i l e s O f R e s i s t L i n e s F o r V a r i o u s S c h e m e s .
E X P E R I M E N T
T h r e e i n c h s i l i c o n w a f e r s w e r e o b t a i n e d a r i d c l e a n e d i n B O E
s o l u t i o n . A n o x i d e g r o w t h i n d r y 0 2 f o r 2 5 m m a t 1 1 0 0 C r e s u l t e d
i n 7 5 0 A o f S i 0 2 . A p p r o x i m a t e l y 4 0 0 0 A o f p o l y s i l i c o n w a s
d e p o s i t e d o n t h e w a f e r s . T h e w a f e r s w e r e c o a t e d w i t h 1 . 1 m i c r o n s
o f K T I — 8 2 0 p o s i t i v e p h o t o r e s i s t o n a G C A N a f e r T r a c k a n d w e r e
e x p o s e d a t 5 5 m J / c m 2 o n a K a s p e r A l i g n e r . T h e m a s k t h a t w a s u s e d
c o n t a i n e d l i n e s a n d s p a c e s o f v a r y i n g d i m e n s i o n s f r o m o n e t o t e n
m i c r o n s t o p r o d u c e t h e i m a g e i n t h e r e s i s t . A l l t h e w a f e r s w e r e
h a n d d e v e l o p e d u s i n g 1 : 1 Z X — 9 3 4 f o r 4 0 s e c .
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W a f e r s w e r e s u b j e c t e d t o a 1 4 0 C , 2 m m p o s t b a k e . O t h e r
w a f e r s r e c e i v e d t h e P R I S T t r e a t m e n t . T h e w a f e r s w e r e s u b j e c t e d
t o a g a s m i x t u r e o f 4 : 1 : : H e : C F 4 f o r t w o m i n u t e s . T h i s w a s d o n e
u s i n g t h e P l a s m a l i n e p l a s m a a s h e r . F o l l o w i n g t h e p l a s m a e x p o s u r e
t h e w a f e r s w e r e b a k e d f o r 3 0 m m a t 2 1 0 C . A n o t h e r s e t o f w a f e r s
r e c e i v e d t h e R H C M t r e a t m e n t . P M M A w a s h a n d c o a t e d f o u r t i m e s a t
a s p i n s p e e d o f 2 7 0 0 r p m f o r 3 0 s e c . T h i c k n e s s m e a s u r e m e n t s w e r e
t a k e n u s i n g t h e N a n o s p e c . T h e w a f e r s w e r e t h e n b a k e d f o r 3 0 m m
a t 2 1 0 C . P M M A w a s r e m o v e d b y a 2 5 m m u l t r a s o n i c r i n s e i n
a c e t o n e f o l l o w e d b y a D I r i n s e .
P o l y s i l i c o r i w a s e t c h e d i n t h e T e g a l u s i n g a g a s m i x t u r e o f
3 : 1 : : S F 6 : 0 2 f o r 1 m m . T h e o x i d e w a s r e m o v e d i n a B O E s o l u t i o n
f o r 2 m m . T h e w a f e r s w e r e t h e n i m p l a n t e d w i t h b o r o n u s i n g a
d o s e o f 3 E l 4 c m — 2 a n d a n e n e r g y o f 6 O k e V . R e s i s t t h i c k n e s s
m e a s u r e m e n t s w e r e t a k e n a f t e r e a c h s t e p . F o l l o w i n g i o n
i m p l a n t a t i o n , p r o c e s s i n g w a s c o m p l e t e d . S E M a n a l y s i s w a s
c o n d u c t e d o n 1 0 u r n l i n e s a s t h i s f e a t u r e s i z e w a s o b t a i n a b l e w i t h
a l l t r e a t m e n t s . L i n e w i d t h m e a s u r e m e n t s w e r e d o n e u s i n g t h e
N a n o l i n c .
F i g u r e s 4 a — c s h o w c r o s s s e c t i o n s o f l O u m l i n e s a n d s p a c e s .
I t i s e v i d e n t t h a t t h e r e i s a d i f f e r e n c e i n p r o f i l e s w h i c h
p r o v i d e s a n i n d i c a t i o n o f h o w w e l l e a c h t e c h n i q u e s t o o d u p t o
p r o c e s s i n g c o n d i t i o n s .
F i g u r e 4 a s h o w s p a t t e r n s t h a t r e c e i v e d t h e R H C M t r e a t m e n t .
T h e s i d e w a l l s a r e f a i r l y s t e e p a n d t h e t o p i s f l a t . L i n e w i d t h
m e a s u r e m e n t s o f t h e o r i g i n a l l O u m l i n e s s h o w e d a d e c r e a s e b y
3 . 5 % . F i g u r e 4 b s h o w s p a t t e r n s w h i c h r e s u l t e d w h e n t h e s a m p l e
r e c e i v e d t h e P R I S T t r e a t m e n t . T h e r e i s a s l i g h t r e s i s t f l o w w i t h
s o m e r o u n d i n g o f t h e i n i t i a l l y s h a r p e d g e . T h e r e w a s a c h a n g e i n
l i n e w i d t h b y 1 1 . 1 % . F i g u r e 4 c s h o w s u n t r e a t e d p a t t e r n s t h a t
r e c e i v e d a s t a n d a r d R I T p o s t b a k e a t 1 4 0 C f o r 2 m i r ~ . N o t e t h a t
t h e r e s i s t h a s f l o w e d c o n s i d e r a b l y a s i n d i c a t e d b y t h e r o u n d e d
p r o f i l e . T h e l i n e w i d t h c h a n g e d b y 6 . 7 % . O p t i c a l m i c r o g r a p h s
w e r e n o t a b l e t o d i s t i n g u i s h t h e d i f f e r e n c e s b e t w e e n w a f e r s t h a t
r e c e i v e d t h e P R I S T a n d s t a n d a r d p o s t b a k e t e c h n i q u e s . T h e r e s i s t
h a s f l o w n f o r b o t h o f t h e s e m e t h o d s w h i l e t h e r e s i s t t h a t w a s
R E S U L T S / D I S C U S S I O N
i i g u r e 4 : _ _ J n n i n g E l e c t r o n M i c r o g r a p h s O f 1 0 u r n L i n e s .
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t r e a t e d w i t h t h e R H C M t e c h n i q u e w a s a b l e t o r e t a i n i t s s h a p e .
T h e P R I S T t e c h n i q u e e n c o u n t e r e d a d h e s i o n p r o b l e m s a t s m a l l e r
g e o m e t r i e s . T h i s i s b e l i e v e d t o b e d u e t o t h e d e l a y i n
p r o c e s s i n g b e t w e e n d e v e l o p a n d p o s t b a k e a n d n o t d u e t o t h e a c t u a l
p l a s m a t r e a t m e n t .
T h e R H C M t e c h n i q u e a c h i e v e d a h i g h e r d e g r e e o f t h e r m a l
s t a b i l i t y a n d c o n s e r v a t i o n o f l a t e r a l d i m e n s i o n t h a n d i d t h e
P R I S T t e c h n i q u e . T h i s w a s t o b e e x p e c t e d b e c a u s e t h e R H C I 1
p r o c e s s h a r d e n s t h e r e s i s t t h r o u g h o u t t h e b u l k w h i l e t h e P R I S T
p r o c e s s h a r d e n s t h e r e s i s t o n l y a t t h e s u r f a c e d u e t o l i m i t e d
c r o s s l i n k i n g p e n e t r a t i o n . O n e o f t h e p r o b l e m s e n c o u n t e r e d w i t h
t h i s t r e a t m e n t w a s d i f f i c u l t y i n r e m o v i n g t h e P M M A m o l d a f t e r t h e
h a r d b a k e . I n o r d e r t o o p t i m i z e t h i s p r o c e s s , f u r t h e r
e x p e r i m e n t a t i o n i s n e e d e d a n d c o u l d i n c l u d e v a r y i n g t h e r e s i s t
m a t e r i a l , t h e d e v e l o p e r t y p e , a n d t h e b a k i n g c o n d i t i o n s .
C O N C L U S I O N S
O f t h e t w o h a r d e n i n g m e t h o d s s t u d i e d , t h e R H C M t e c h n i q u e
p r o v e d s u p e r i o r t o t h e P R I S T t e c h n i q u e i n t e r m s o f a c h i e v i n g
t h e r m a l s t a b i l i t y f o r p o s i t i v e p h o t o r e s i s t s . S E M a n a l y s i s s h o w e d
t h a t t h e r e s i s t w a s a b l e t o r e t a i n i t s s h a p e t h r o u g h o u t t h e b u l k
a f t e r b e i n g s u b j e c t e d t o b o t h d r y e t c h i n g a n d i o n i m p l a n t a t i o n
p r o c e s s e s . I n a d d i t i o n , t h e R H C M t e c h n i q u e s h o w e d a m i n i m u r r i
c h a n g e i n l i n e w i d t h d i m e n s i o n w h e n c o m p a r e d t o t h e o t h e r
t e c h n i q u e s . T h i s p r o c e s s i s c o m p a t i b l e w i t h e x i s t i n g p r o c e s s e s
a n d i s . a l s o s i m p l e t o e x e c u t e . T h e e q u i p m e n t r e q u i r e d i s
i n e x p e n s i v e . A l t h o u g h r e m o v a l o f t h e P M M A m o l d w a s d i f f i c u l t
a f t e r t h e h a r d b a k e , s t r i p p i n g o f t h e h a r d e n e d r e s i s t i n a n o x y g e n
p l a s m a w a s n o t a p r o b l e m . F u r t h e r e x p e r i m e n t a t i o n i s n e e d e d i n
o r d e r t o o p t i m i z e t h i s p r o c e s s .
A C K N O N L E D O M E N T S
S p e c i a l t h a n k s a r e e x t e n d e d t o M i k e J a c k s o n , B r u c e S m i t h ,
D i c k L a n e , M a t t M a t e s s a , P a t B r e n n a n , E r i c L e h n e r , G a r y R u n k l e ,
a n d S c o t t B l o n d e l l .
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D E S I G N O F A 4 - B I T M I C R O P R O C E S S O R
H s i a o - H u i ( M i g u e l ) C h e n
5 t h Y e a r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
~ B S T R A C T
A f o u r b i t m i c r o p r o c e s s o r ’ s l a y o u t w a s d r a w n o n
a n A p o l l o w o r k s t a t i o n u s i n g M O S I S t w o l a m b d a
d e s i g n r u l e s . T h e l a y o u t ’ s o p e r a t i o n w a s
v e r i f i e d b y b r e a d b o a r d i n g w i t h 7 4 ’ O O H C M O S l o g i c
p a r t s d u r i n g S p r i n g Q u a r t e r 1 9 9 0 b y T h e o d o r e
D ’ A n t o n o l i . B a s e d o n h i s f i n d i n g s , t h e l a y o u t
w a s r e v i s e d a n d s e v e r a l d e s i g n c h a n g e s w e r e
a d d e d . A t t h e s a m e t i m e , a s o f t w a r e s i m u l a t i o n
p r o g r a m ( u P R O S I M ) f o r t h e p r o c e s s o r w a s w r i t t e n
i n F O R T R A N o n t h e R I T V M S C o m p u t e r S y s t e m .
I N T R O D U C T I O N
T o d a y , m o s t o f t h e c o m p u t e r s a r e d e v i s e d u s i n g d i g i t a l l o g i c
r a t h e r t h a n a n a l o g l o g i c d e s i g n s . T h i s i s m a i n l y b e c a u s e t h e d i g i t a l
c o m p u t e r s a r e c a p a b l e o f s o l v i n g m o r e p r o b l e m s , m o r e e a s i l y a n d w i t h
g r e a t e r f l e x i b i l i t y . T h i s i s a c c o m p l i s h e d b y u s i n g a s i m p l e x
n u m e r i c a l s y s t e m c a l l e d t h e b i n a r y s y s t e m . T h e b i n a r y n u m b e r s y s t e m
i s c o n s i s t e d o f j u s t 0 a n d 1 ( l o g i c s t a t e l o w a n d l o g i c s t a t e h i g h )
A l l c o m p u t e r s y s t e m s c a n b e s i m p l i f i e d i n t o t h r e e m a j o r
c o m p o n e n t s : t h e c e n t r a l p r o c e s s o r u n i t ( o r m i c r o p r o c e s s o r )
i n p u t / o u t p u t p o r t s ( l i n k b e t w e e n p r o c e s s o r , m e m o r y a n d t h e e x t e r n a l
w o r l d ) a n d m e m o r y ( i n f o r m a t i o n s t o r a g e a r e a ) . T h e m i c r o p r o c e s s o r i s
i n c h a r g e o f r e c o g n i z i n g t h e i n s t r u c t i o n s , w h i c h a r e s t o r e d i n t h e
m e m o r y a n d r e t r i e v e d t h r o u g h t h e i n p u t / o u t p u t p o r t , a n d e x e c u t i n g
t h e m . T h e m i c r o p r o c e s s o r a c t s a s t h e b r a i n i n t h e c o m p u t e r s y s t e m b y
c o o r d i n a t i n g t h e d i f f e r e n t c o m p o n e n t s a c c o r d i n g t o t h e i n s t r u c t i o n s
t h a t i t r e c e i v e s .
T h e f i r s t s t e p o f d e s i g n i n g a m i c r o p r o c e s s o r i s t o d e t e r m i n e t h e
s p e c i f i c f u n c t i o n s t h a t t h e d e v i c e i s r e q u i r e d t o p e r f o r m . T h e
i n d i v i d u a l c o m p o n e n t s w i t h i n t h e m i c r o p r o c e s s o r a r e t h e n d e s i g n e d t o
f u l f i l l t h e f u n c t i o n s . T h e t y p i c a l c o m p o n e n t s w i t h i n t h e
m i c r o p r o c e s s o r i n c l u d e s p r o g r a m c o u n t e r , m e m o r y d a t a r e g i s t e r , m e m o r y
a d d r e s s r e g i s t e r , c o n t r o l u n i t , a r i t h m e t i c u n i t , l o g i c u n i t a n d d a t a
b u s e s . T h e i n t e r a c t i o n a m o n g t h e m i n d i c a t e s t h e a r c h i t e c t u r e o f t h e
m i c r o p r o c e s s o r . T h e a r c h i t e c t u r e u s e d i n t h i s p r o j e c t i s t h e V o n
N e u m a n n a r c h i t e c t u r e . T h i s t y p e o f d e s i g n i s c h a r a c t e r i z e d b y t h e
c o m b i n a t i o n o f i n s t r u c t i o n a n d d a t a i n t o t h e s a m e m e m o r y l o c a t i o n
( w i t h i n t h e s a m e d a t a w o r d )
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C o m p u t e r a i d e d s i m u l a t i o n s a r e u s e d m o r e f r e q u e n t l y t o d a y .
C o m p u t e r s i m u l a t i o n s a v e s t i m e a n d m a t e r i a l c o s t b y e m u l a t i n g t h e
e x p e r i m e n t a l p r o c e d u r e i n a s o f t w a r e c o n t r o l l e d m a n n e r w i t h o u t
p h y s i c a l l y p e r f o r m i n g t h e e x p e r i m e n t . T h e p u r p o s e o f d e v e l o p i n g a n
i n - h o u s e m i c r o p r o c e s s o r s i m u l a t i o n p r o g r a m i s s o t h a t u s e r s c a n s t u d y
a n d l e a r n a b o u t t h e a r c h i t e c t u r e o f t h e m i c r o p r o c e s s o r w i t h o u t h a v i n g
t o b r e a d b o a r d i t w i t h d i s c r e e t c o m p o n e n t s . B y d e v e l o p i n g a n i n - h o u s e
s i m u l a t o r , i t i s p o s s i b l e t o m a k e i t e m u l a t e e x a c t l y t h e i n s t r u c t i o n s
a s i t i s p e r f o r m e d b y t h e m i c r o p r o c e s s o r d e s i g n e d a t R I T .
D E S I G N
A 4 - b i t m i c r o p r o c e s s o r w a s d e s i g n i n t h i s p r o j e c t , t h e d e v i c e
w a s n a m e d a s M A V E R I C K . T h e b l o c k d i a g r a m s a r e s h o w n i n t h e a p p e n d i x .
T h e i n s t r u c t i o n s e t i s s h o w n o n t a b l e * 1 . < A > r e f e r s t o d a t a
c o n t a i n e d i n r e g i s t e r A a n d < B > r e f e r s t o d a t a c o n t a i n e d i n r e g i s t e r
B . T h e d a t a c o d e s a r e f o u r b i t l o n g a n d s o a r e t h e i n s t r u c t i o n c o d e s
( e x c e p t f o r A S T a n d A L D ) . T h e d a t a a n d t h e i n s t r u c t i o n s a r e s t o r e d
i n a n e x t e r n a l 2 5 6 x 8 b y t e D R A M . T w o r e g i s t e r s a r e i n c h a r g e o f
i n t e r f a c i n g t h e p r o c e s s o r w i t h t h e m e m o r y , t h e M e m o x y D a t a R e g i s t e r
a n d t h e M e m o r y A d d r e s s R e g i s t e r . O u t o f t h e s i x t e e n p o s s i b l e
c o m b i n a t i o n f r o m t h e 4 - b i t i n s t r u c t i o n s e t , t w o a r e c u r r e n t l y u n u s e d
a n d c a n b e i m p l e m e n t w i t h a d d i t i o n a l i n s t r u c t i o n s i n t h e f u t u r e .
T a b l e # 1 : I n s t r u c t i o n C o d e f o r d e v i c e M A V E R I C K
M n e m o n i c O P C o d e F u n c t i o n D e s c r i p t i o n
D C R 0 0 0 0 < A > - 1 D e c r e m e n t < A > b y o n e
I N R 0 0 0 1 < A > + 1 I n c r e m e n t < A > b y o n e
S U B B 0 0 1 0 < A > - < B > S u b t r a c t < B > f r o m < A >
A D D B 0 0 1 1 < A > ÷ < B > A d d < B > t o < A >
L D A B 0 1 0 0 < A > = < B > I m m e d i a t e l o a d i n t o < A >
0101 U n u s e d0110
H L T 0 1 1 1 H a l t S t o p s a l l o p e r a t i o n
N A D B 1 0 0 0 N A N D N A N D < A > a n d < B >
N O R B 1 0 0 1 N O R N O R < A > a n d < B >
I N V 1 0 1 0 I N V I n v e r t < A >
N O P 1 0 1 1 W a i t I n c r e m e n t < P C > b y o n e
A S T r 1 1 O X L o c . r = < A > S t o r e < A > i n t o l o c a t i o n r
A L D r 1 1 1 X < A > = L o c . r L o a d < a > f r o m l o c a t i o n r
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T h e d a t a , i n c l u d i n g a d d r e s s e s a n d i n s t r u c t i o n s , a r e h a n d l e d b y
t h e p r o c e s s o r t h r o u g h t n - s t a t e b u f f e r s . T h e p r o p e r p r o c e d u r e t o
e x e c u t e a n i n s t r u c t i o n w o u l d b e t o l o a d t h e i n s t r u c t i o n f r o m m e m o r y
l o c a t i o n s p e c i f i e d b y t h e p r o g r a m c o u n t e r i n t o t h e c o n t r o l u n i t ,
e n a b l e t h e p r o p e r t n - s t a t e s a n d p e r f o r m t h e o p e r a t i o n , a n d f i n a l l y
s t o r e t h e r e s u l t i n t o t h e a c c u m u l a t o r ( r e g i s t e r A ) . T h e d e v i c e i s
c a p a b l e o f a d d r e s s i n g a l l 2 5 6 m e m o r y l o c a t i o n s , h o w e v e r t h e l a s t 3 2
m e m o r y l o c a t i o n s ’ l o w e r f o u r b i t s a r e r e s e r v e d f o r a d d r e s s a b l e s t o r e
a n d l o a d c o m m a n d s . A s i t i s s h o w n o n t a b l e f f 1 , t h e d e v i c e i s a l s o
c a p a b l e o f t h e f o l l o w i n g o p e r a t i o n s : a d d i t i o n , s u b s t r a c t i o n , i n v e r t ,
N A N D a n d N O R o f f o u r b i t b i n a r y n u m b e r s . T h e s e o p e r a t i o n s c a n b e
c o m b i n e d ( b y w r i t i n g a p r o g r a m ) t o p e r f o r m a d d i t i o n a l t a s k s , s u c h a s
m u l t i p l i c a t i o n , l o g i c O R , e x c l u s i v e O R , e x c l u s i v e N O R o r l o g i c A N D .
A t w o - p h a s e , n o n - o v e r l a p p i n g c l o c k , c l k l a n d c l k 2 , a r e u s e d t o
t i m e t h e d i f f e r e n t t n - s t a t e b u f f e r s w i t h i n t h e p r o c e s s o r . T h e
v o l t a g e l e v e l s a r e f i v e v o l t s f o r l o g i c s t a t e h i g h a n d z e r o v o l t s f o r
l o g i c s t a t e l o w . D u r i n g a c l k l p u l s e c y c l e , t h e a d d r e s s f r o m t h e
p r o g r a m c o u n t e r ( P C ) i s p a s s e d o n t o t h e M e m o r y A d d r e s s b u s a n d
l a t c h e d b y t h e M A R . A t t h e s a m e t i m e , t h e R E A D l i n e o f t h e m e m o r y
d e v i c e i s e n a b l e a n d t h e c o r r e s p o n d i n g i n s t r u c t i o n a n d d a t a i s l o a d e d
i n t o t h e M e m o r y D a t a b u s a n d l a t c h e d b y t h e M D R . T h e c l k 2 p u l s e
c y c l e d e c o d e s t h e i n s t r u c t i o n t h r o u g h t h e c o n t r o l u n i t a n d e n a b l e s
t h e c o r r e s p o n d i n g l o g i c o r a r i t h m e t i c d e v i c e t o p e r f o r m t h e
o p e r a t i o n . I t i s a l s o r e s p o n s i b l e f o r u p d a t i n g t h e p r o g r a m c o u n t e r .
T h e p r o c e s s i s t h e n r e p e a t e d f o r t h e n e x t c l o c k c y c l e . T h i s d e s i g n
p e r m i t s c e r t a i n d e g r e e o f c a r e l e s s n e s s b e c a u s e t h e p r o c e s s o r p e r f o r m s
s e v e r a l t a s k s a t t h e s a m e t i m e a n d t h e t w o c l o c k p h a s e s d o n o t d e p e n d
o n e a c h o t h e r . I n t h e e v e n t t h a t t h e p r o c e s s o r w a s u n a b l e t o p e r f o r m
p r o p e r l y t h e o p e r a t i o n s d u r i n g t h e c l o c k c y c l e , t h e d u r a t i o n o f t h e
c l o c k c y c l e c a n b e i n c r e m e n t e d t o a l l o w t h e p r o c e s s o r m o r e t i m e .
H o w e v e r , d u r i n g a d i r e c t w r i t e i n s t r u c t i o n , i f t h e W R I T E e n a b l e l i n e
b e c o m e s l o g i c s t a t e h i g h a n d t h e m e m o r y d a t a b u s o r t h e m e m o r y
a d d r e s s b u s h a v e n o t b e e n u p d a t e d t o t h e i r n e w v a l u e s t h e n t h e d e v i c e
w o u l d w r i t e r a n d o m n u m b e r s i n t o s e v e r a l m e m o r y l o c a t i o n s . I n t h e
p r e s e n t d e s i g n , t h i s p r o b l e m i s s o l v e d b y a d d i n g a r i n g o s c i l l a t o r t o
d e l a y t h e W R I T E e n a b l e s i g n a l . A d d i t i o n a l i n v e r t e r s c a n b e a d d e d
e x t e r n a l l y i f n e e d e d .
T h e p r o c e s s o r u s e s a n e i g h t b i t w o r d , w h i c h i s c o m p o s e d o f t h e
i n s t r u c t i o n c o d e a n d t h e d a t a c o d e . T h e l o w e r 4 b i t s c o n t a i n s t h e
d a t a c o d e w h i l e t h e h i g h e r 4 b i t s h o l d s t h e i n s t r u c t i o n c o d e . T h e
o n l y e x c e p t i o n t o t h e r u l e i s t h e a d d r e s s a b l e i n s t r u c t i o n s ( s t o r e a n d
l o a d ) . T h e s e t w o i n s t r u c t i o n s o n l y t a k e u p t h e h i g h e s t t h r e e b i t s
w h i l e t h e o t h e r f i v e b i t s h o l d t h e a d d r e s s i n / f r o m w h i c h t h e d a t a
w i l l b e s t o r e d / l o a d e d . F o r e x a m p l e , i f t h e i n s t r u c t i o n c o d e 1 1 0 0 1 0 1 1
w e r e e x e c u t e d t h e n t h e p r o c e s s o r w o u l d s t o r e t h e c o n t e n t o f r e g i s t e r
A i n t o m e m o r y l o c a t i o n 1 1 1 0 1 0 1 1 . T h e f i r s t t h r e e b i t s o f t h e w o r d
c o n t a i n s t h e i n s t r u c t i o n a n d t h e l a s t f i v e b i t s c o n t a i n s t h e l o w e r
f i v e b i t s o f t h e a d d r e s s . T h e u p p e r t h r e e b i t s o f t h e a d d r e s s w i l l
a l w a y s b e 1 1 1 f o r t h e a d d r e s s a b l e l o a d i n s t r u c t i o n t o i n d i c a t e i t s
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l o c a t i o n i n u p p e r m e m o r y . T h e s a m e a r g u m e n t h o l d s t r u e f o r t h e
a d d r e s s a b l e l o a d i n s t r u c t i o n . S i n c e t h e d a t a i s l i m i t e d t o f o u r b i t s
i n l e n g t h , t h e h i g h e s t n u m b e r t h a t c a n b e s t o r e d o x l o a d e d i n a n y
m e m o r y l o c a t i o n w o u l d b e 1 5 ( 2 k , s i x t e e n n u m b e r s , f r o m 0 t o 1 5 )
T n - s t a t e b u f f e r s w e r e u s e d t o a l l o w t h e c a p a b i l i t y o f h a v i n g
s e v e r a l d e v i c e s s h a r i n g t h e s a m e d a t a b u s . T n - s t a t e b u f f e r
f u n c t i o n s a s i s o l a t i o n b e t w e e n t h e d e v i c e a n d t h e d a t a b u s . W h e n t h e
t n - s t a t e b u f f e r i s d i s a b l e , t h e o u t p u t i s a t a h i g h i m p e d a n c e s t a t e
w h i c h c a u s e s t h e o u t p u t t e r m i n a l t o b e h a v e a s a v i r t u a l o p e n c i r c u i t .
T h e t n - s t a t e b u f f e r s ’ e n a b l e l i n e a r e g o v e r n e d b y t h e c o n t r o l u n i t ,
w h i c h d i c t a t e s w h i c h d e v i c e h a s a c c e s s t o t h e d a t a b u s .
O t h e r c o m p o n e n t s d e s i g n e d f o r t h e M A V E R I C K d e v i c e i n c l u d e a
p r o g r a m c o u n t e r , s h i f t r e g i s t e r s , a n a r i t h m e t i c u n i t , a l o g i c u n i t
( N A N D , N O R , I N V ) a n d a c o n t r o l u n i t . T h e c i r c u i t l a y o u t o f t h e s e
d e v i c e s a r e s h o w n i n t h e a p p e n d i x s e c t i o n . T h e p r o g r a m c o u n t e r i s
b a s e d o n e i g h t D f l i p - f l o p s . T h e c i r c u i t d r a w i n g a n d t h e l a y o u t o f
t h e c o u n t e r a r e s h o w n a t t h e e n d o f t h i s r e p o r t ( f i g u r e 3 a n d 4 )
T h e c l o c k s i g n a l i s f e d i n t o t h e f i r s t D f l i p - f l o p a n d t h e r e s t o f
t h e f l i p - f l o p s a r e c o n n e c t e d i n a c a s c a d e d f o r m w i t h t h e c l o c k s
c o n n e c t e d t o t h e o u t p u t Q s i g n a l o f t h e p r e v i o u s s t a g e s . A l l t h e D
i n p u t t e r m i n a l a r e c o n n e c t e d t o t h e o u t p u t Q b a r s i g n a l , t h e Q b a r
s i g n a l a c t s a s t h e f e e d b a c k t o o s c i l l a t e t h e D i n p u t s i g n a l b e t w e e n
l o g i c s t a t e h i g h a n d l o w . T h e o u t p u t i s t a k e n f r o m t h e Q b a r
s i g n a l s .
T h e s h i f t r e g i s t e r a r e a l s o b a s e d o n D t y p e f l i p - f l o p s e x c e p t
t h a t t h e y l a c k o f P R E S E T a n d C L E A R t e r m i n a l s . W h e n t h e r e g i s t e r i s
e n a b l e , t h e i n p u t s i g n a l i s p a s s e d o n t o t h e o u t p u t , a n d w h e n t h e
r e g i s t e r i s d i s a b l e , i t l a t c h e s t h e i n p u t . T h e a r i t h m e t i c l o g i c u n i t
( A L U ) i s c a p a b l e o f h a n d l i n g f o u r b i t n u m b e r s . T h e l o g i c m o d u l e
p e r f o r m a b i t b y b i t l o g i c o p e r a t i o n o n t h e c o n t e n t s i n t h e
a c c u m u l a t o r . T h e a r i t h m e t i c m o d u l e i s c o m p o s e d o f a s t a n d a r d f o u r
b i t r i p p l e f u l l a d d e r . T h e c o n t r o l u n i t w a s d e s i g n e d u s i n g a P L A
d e s i g n a r c h i t e c t u r e . T h e i n s t r u c t i o n s i g n a l s ( f i r s t f o u r b i t s o f t h e
M e m o r y D a t a B u s ) a n d t h e c l o c k 2 s i g n a l ( c l k 2 ) a r e c o n n e c t e d t o t h e
i n p u t o f t h e P L A a s t h e s e l e c t l i n e s . T h e o u t p u t o f t h e P L A a r e
c o n n e c t e d t o t h e e n a b l e t e r m i n a l s o f t h e s h i f t r e g i s t e r s a n d t h e t n -
s t a t e b u f f e r s . L o g i c s t a t e h i g h e n a b l e s t h e s e d e v i c e s a n d l o g i c
s t a t e l o w d i s a b l e s t h e m ( p o s i t i v e l o g i c )
L A Y O U T / L A Y O U T R E V I S I O N
T h e o r i g i n a l l a y o u t d e s i g n w a s d r a w n d u r i n g t h e F a l l a n d W i n t e r
Q u a r t e r s 1 9 8 9 - 1 9 9 0 . T h e l a y o u t w a s p e r f o r m e d o n t h e A p o l l o
w o r k s t a t i o n u s i n g c h i p g r a p h g r a p h i c s e d i t o r . M O S I S t w o L a m b d a
( L a m b d a = t w o m i c r o n s ) d e s i g n r u l e s w e r e f o l l o w e d . D R A C U L A d e s i g n
r u l e c h e c k e r w a s u s e d f o r e a c h o f t h e i n d i v i d u a l d e v i c e l a y o u t s ,
h o w e v e r t h e e n t i r e f i n a l l a y o u t w a s n e v e r e l e c t r o n i c a l l y c h e c k f o r
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d e s i g n r u l e e r r o r s d u e t o t h e , e n o r m o u s s i z e o f t h e f i l e . T h e l a y o u t
w a s i n t e n d e d f o r f a b r i c a t i o n w i t h a s e l f - a l i g n e d , p o l y . - g a t e N M O S
p r o c e s s u s i n g e n h a n c e m e n t m o d e l o a d s . T h e l e n g t h t o w i d t h r a t i o o f
a l l p u l l - u p t r a n s i s t o r s a r e l o u m / 4 u m w h i l e a l l p u l l - d o w n t r a n s i s t o r s
a r e 4 u m / 8 u m . T h e e n t i r e l a y o u t w a s a f u l l c u s t o m d e s i g n f r o m
t r a n s i s t o r l e v e l u p .
D u r i n g S p r i n g Q u a r t e r 1 9 8 9 - 1 9 9 0 , T e d D ’ A n t o n o l i b r e a d b o a r d e d t h e
d e v i c e a n d f o u n d s e v e r a l l o g i c e r r o r s i n t h e o r i g i n a l d e s i g n . T h e s e
e r r o r s w e r e c o r r e c t e d d u r i n g S u m m e r Q u a r t e r 1 9 8 9 - 1 9 9 0 . T h e m a i n
c o r r e c t i o n s i n c l u d e d t h e r e d e s i g n o f t h e p r o g r a m c o u n t e r , r e - m a p p i n g
o f t h e l a y o u t a n d a d d i t i o n o f a t e m p o r a r y r e g i s t e r . T h e r e - m a p p i n g
o f t h e l a y o u t w i l l a l l o w a w i d e r d e g r e e o f f r e e d o m i n t e r m s o f f u t u r e
a d d i t i o n o r p a r t i a l r e d e s i g n o f s i n g l e c o m p o n e n t s . T h e n e w l a y o u t
w i l l b e a b l e t o a c c o m m o d a t e n e w l y d e s i g n e d d e v i c e s t o b e p l a c e d i n t o
t h e p r o c e s s o r w i t h o u t h a v i n g t o c h a n g e t h e r e s t o f t h e l a y o u t .
M I C R O P R O C E S S O R S I M U L A T I O N S O F T W A R E
u P R O S I M ( n i c k n a m e G O O S E ) i s a s o f t w a r e s i m u l a t i o n p r o g r a m
w r i t t e n i n F O R T R A N o n t h e R I T V M S c o m p u t e r s y s t e m . T h e o b j e c t i v e o f
t h i s s i m u l a t i o n p r o g r a m i s t o a l l o w u s e r s t o s i m u l a t e t h e d e v i c e
M A V E R I C K o n a c o m p u t e r s y s t e m r a t h e r t h a n b r e a d b o a r d i n g t h e p r o c e s s o r
w i t h d i s c r e e t c o m p o n e n t s . T h e a d v a n t a g e s t o u s e a s i m u l a t i o n p r o g r a m
f o r t h i s t y p e o f e x p e r i m e n t a r e : s o f t w a r e s i m u l a t i o n w i l l d e c r e a s e
t h e e x p e r i m e n t a l s e t u p t i m e c o n s i d e r a b l y a n d i t a l s o m a k e s t h e n e e d
f o r d i s c r e e t c o m p o n e n t s o b s o l e t e .
A c o m p l e t e c o p y o f t h e u s e r m a n u a l a n d a p r i n t o u t o f u P R O S I M c a n
b e f o u n d a t t h e e n d o f t h i s r e p o r t . T h e p r i n t o u t c o r r e s p o n d s t o t h e
A l p h a v e r s i o n o f t h e p r o g r a m , w h i c h i s c u r r e n t l y f u n c t i o n a l ( A u g u s t
8 , 1 9 9 0 ) . I t i s c a p a b l e o f r e a d i n g a s s e m b l y c o d e s b y e i t h e r u s e r
i n t e r a c t i v e e n t r y m o d e ( k e y b o a r d ) o r f i l e e n t r y m o d e . T h e o u t p u t o f
t h e p r o g r a m r e p o r t s t h e a d d r e s s c o d e i n b o t h b i n a r y a n d d e c i m a l
n u m b e r s . T h e i n s t r u c t i o n c o d e s a r e i n t h e f o r m s o f b i n a r y n u m b e r s
a n d m n e m o n i c c o d e s . T h e p r o g r a m c a n b e e a s i l y m o d i f i e d t o s u i t
f u t u r e a d d i t i o n s t o t h e M A V E R I C K m i c r o p r o c e s s o r o r a n y o t h e r
m i c r o p r o c e s s o r t h a t m i g h t b e d e s i g n e d a t R I T . T h e f l o w c h a r t o f t h e
p r o g r a m c a n b e f o u n d a t t h e e n d o f t h i s r e p o r t a s w e l l . T h e
s t r u c t u r e a n d t h e l o g i c o f t h e p r o g r a m i ~ i d e n t i c a l t o t h e l o g i c
d e s i g n b e h i n d t h e M A V E R I C K d e v i c e , b y d o i n g s o , u s e r s c a n t e s t a n d
e x p e r i m e n t w i t h t h e p r o g r a m a s i t w e r e t h e p r o c e s s o r i t s e l f w i t h o u t
h a v i n g t o d e a l w i t h c o m p l i c a t e d a n d c o n f u s i n g h a r d w a r e s e t u p s .
F u t u r e a d d i t i o n s t o t h e p r o g r a m a r e i n t e n d e d , t h e n e x t r e l e a s e w i l l
b e a b l e t o r e a d i n a s s e m b l y c o d e s i n b i n a r y n u m b e r , m n e m o n i c s o r
h e x a d e c i m a l n u m b e r s .
A t t h e p r e s e n t t i m e , t h e p r o g r a m a n d a d e m o d a t a f i l e c a n b e
o b t a i n e d t h r o u g h t h e V A X s y s t e m b y c o p i n g t h e f o l l o w i n g f i l e s :
[ H N C 1 3 8 9 . U P R O C ] u P R O S I M . E X E a n d [ H N C 1 3 8 9 . U P R O C ] D E M O . D A T . T h e s e t w o
f i l e s s h o u l d b e u s e d i n c o n j u n c t i o n w i t h t h e u s e r m a n u a l .
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R E S U L T S
T h e d e s i g n e r r o r s p o i n t e d o u t b y T e d D ’ A n t o n o l i i n h i s p a p e r [ 1 )
w e r e r e s o l v e d b y x e - d e s i g n i n g f e w c o m p o n e n t s a n d r e v i s i n g t h e
o r i g i n a l M A V E R I C K d e v i c e l a y o u t . T h e n e w l a y o u t ( V I P E R ) i n c l u d e s a
n e w e i g h t b i t p r o g r a m c o u n t e r w i t h P R E S E T a n d C L E A R l i n e s , a n e w
P r o g r a m m a b l e L o g i c A r r a y a s t h e c o n t r o l u n i t a n d f e w r e g i s t e r s a n d
t n - s t a t e b u f f e r s w e r e a l s o a d d e d . T h e n e w l a y o u t p o s s e s s e s a l l t h e
c h a r a c t e r i s t i c s o f t h e o r i g i n a l l a y o u t , t h e s a m e d e s i g n r u l e s a n d t h e
s a m e f a b r i c a t i o n p r o c e s s a r e s t i l l v a l i d .
A s o f t w a r e e m u l a t o r w a s w r i t t e n f o r t h e M A V E R I C K m i c r o p r o c e s s o r .
T h e e x i s t e n c e o f t h i s s o f t w a r e w i l l e n a b l e t h e p o s s i b i l i t y o f q u i c k
a n d e a s y t e s t i n g o f d e v i c e ’ s l o g i c f o r t h o s e w h o d e s i r e s t o i m p r o v e
t h e d e s i g n . T h e n e w p r o g r a m c o u n t e r w a s d e s i g n f r o m t r a n s i s t o r l e v e l
u p u s i n g t h e Q U I C K S I M s i m u l a t i o n s o f t w a r e o n a n A p o l l o w o r k s t a t i o n .
E x p a n d e d s i m u l a t i o n f i l e s e x i s t a s r e f e r e n c e f o r f u t u r e w o r k . T h e
t i m e c o n s t r a i n t d i d n o t a l l o w t h e e n t i r e c i r c u i t t o b e s i m u l a t e d ,
h o w e v e r t h e e x i s t i n g p r o g r a m c o u n t e r ’ s f i l e s c a n s e r v e a s t e m p l a t e s
t o s e t u p s i m u l a t i o n f o r t h e r e s t o f t h e M A V E R I C K d e v i c e .
C O N C L U S I O N
A f o u r b i t m i c r o p r o c e s s o r w a s d e s i g n e d , b r e a d b o a r d e d , s i m u l a t e d ,
e m u l a t e d a n d d r a w n d u r i n g t h e c o u r s e o f s c h o o l y e a r 1 9 9 0 . T h e
b r e a d b o a r d i n g a n d t h e s i m u l a t i o n s p r o v i d e s u f f i c i e n t d a t a t o p r o v e
t h a t t h e d e s i g n i s o p e r a t i o n a l a s i n t e n d e d . T h e m i c r o p r o c e s s o r
M A V E R I C K ’ s p r e s e n t c h a r a c t e r i s t i c s r e a c h b e y o n d i t s o r i g i n a l
s p e c i f i c a t i o n s b o t h i n o p e r a t i o n s a n d t h e s i z e o f a d d r e s s a b l e m e m o r y
l o c a t i o n s . M A V E R I C K i s t h e f i r s t o f i t s k i n d a t R I T a n d i t w a s
c r e a t e d t o b e t h e m i l e s t o n e f o r o t h e r m i c r o p r o c e s s o r d e s i g n t h a t
m i g h t f o l l o w . W h e n M A V E R I C K a n d u P R O S I M a r e u s e d a s t e m p l a t e s f o r
o t h e r d e s i g n s , t h e o v e r a l l t i m e r e q u i r e d t o g e n e r a t e o t h e r d i s t i n c t
d e s i g n c a n b e r e d u c e d t o a s i n g l e a c a d e m i c q u a r t e r . I m m e d i a t e f u t u r e
r e l a t e d p r o j e c t s t h a t s h o u l d b e t a k e n i n t o c o n s i d e r a t i o n i n c l u d e
f a b r i c a t i o n a n d t e s t i n g o f t h e d e v i c e .
A C K N O W L E D G M E N ~ P
I w o u l d l i k e t o t h a n k s t h e M i c r o e l e c t r o n i c E n g i n e e r i n g
D e p a r t m e n t f o r t h i s w o n d e r f u l o p p o r t u n i t y a n d f o r i t s s u p p o r t t o t h e
p r o j e c t a n d t h e C o m p u t e r E n g i n e e r i n g D e p a r t m e n t f o r a l l o w i n g t h e
a c c e s s t o t h e A p o l l o W o r k s t a t i o n a n d f o r t h e l a b t e c h n i c i a n s f o r
t h e i r h e l p . T h e o r i g i n a l i d e a o f t h e p r o j e c t c a m e f o r m D r . L y n n
F u l l e r , w h o a l s o s e r v e d a s a d v i s o r f o r s o m e p e r i o d . R o b P e a r s o n
a s s i s t e d a n d a d v i s e d o n r e d e s i g n o f t h e p r o g r a m c o u n t e r a n d c a m e o u t
w i t h t h e c o n c e p t o f u P R O S I M . S p e c i a l t h a n k s g o e s t o T e d D ’ A n t o n o l i
f o r h i s c o n t r i b u t i o n t o t h e d e s i g n a n d t h e e n d l e s s h o u r s s p e n t i n t h e
A p o l l o w o r k s t a t i o n r o o m d u r i n g t h e b u s i e s t t i m e o f h i s l i f e .
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R o b e r t C h i z m a d i a
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
A 1 2 6 b i t b y o n e b i t N M D S s t a t i c R A M w a s
d e s i g n e d f o l l o w i n g d e s i g n r u l e s f o r R I T ’ s
s t a n d a r d f o u r l a y e r N M D S p r o c e s s .
V e r i f i c a t i o n o f w o r k i n g d e v i c e s w a s d o n e
u s i n g t h e S P I C E c i r c u i t s i m u l a t o r , b u t s o m e
c o n c e r n s e x i s t w i t h t h i s b e c a u s e o f
a s s u m p t i o n s m a d e i n m o d e l p a r a m e t e r s .
F a b r i c a t i o n w a s a n i n t e n d e d g o a l o f t h i s
p r o j e c t , b u t t i m e r e s t r a i n t s a l l o w e d o n l y
m a s k s t o b e m a d e .
I N T R O D U C T I O N
H i g h d e n s i t y R a n d o m A c c e s s M e m o r y ( R A M ) d e v i c e s a r e a n
i n t e g r a l p a r t o f a n y c o m p u t e r s y s t e m . T h e s e d e v i c e s c a n b e b u a l t
i n t w o f o r m s , s t a t i c o r d y n a m i c . D y n a m i c R A M ’ s ( D R A M ’ s ) s t o r e
d a t a o n a c a p a c i t o r r e q u i r i n g r e f r e s h c i r c u i t r y . T o p e r f o r m a
r e a d o p e r a t i o n , t h i s c h a r g e i s r e m o v e d g i v i n g a d e s t r u c t i v e r e a d
c y c l e . S t a t i c R A M ’ s ( S R A M ’ s ) s t o r e c h a r g e o n t h e Q a t e s o f c r o s s
c o u p l e d i n v e r t e r s a s s h o w n i n F i g u r e 1 . B e c a u s e o f t h i s f e e d b a c k
p a t h , n o r e f r e s h i s n e c e s s a r y . W h e n p e r f o r m i n g a r e a d o p e r a t i o n ,
t h e c h a r g e s t o r e d o n a d a t a l i n e i s d i s c h a r g e d t h r o u g h o n e o f t h e
p u l l d o w n t r a n s i s t o r s , w h i l e t h e o t h e r i n v e r t e r c o n t i n u e s t o h o l d
t h e s t a t e . T h e r e f o r e , t h e r e a d c y c l e i s n o n - d e s t r u c t i v e .
F i g u r e 1 s h o w s a s c h e m a t i c o f t h e b a s e s t a t i c m e m o r y c e l l .
T r a n s i s t o r s o n e a n d t w o a r e c o n s t a n t l y s a t u r a t e d . B e c a u s e o f t h e
s m 3 l l w i d t h t o l e n g t h r a t i o t h e c u r r e n t i s l o w . T h i s a l l o w s t h e
p u l l d o w n t o s i n k m o r e c u r r e n t w h e n a c t i v a t e d t h a n t h e p u l l u p
c a n s u p p l y , g i v i n g a t h e l o w l o g i c l e v e l . T r a n s i s t o r s t h r e e a n d
f o u r a r e t h e p u l l d o w n t r a n s i s t o r s , w h i c h w h e n p a i r e d w i t h
t r a n s i s t o r s o n e a n d t w o r e s p e c t i v e l y g i v e t h e N M O S i n v e r t e r s .
T h e d r a i n o f t r a n s i s t o r s o n e a n d t h r e e a r e c o n n e c t e d t o t h e g a t e
o f t r a n s i s t o r f o u r . W h e n t r a n s i s t o r t h r e e i s t u r n e d o n , i t w i l l
p u l l n o d e t w o t o g r o u n d . S i n c e n o d e t w o i s c o n n e c t e d t o t h e g a t e
o f t r a n s i s t o r f o u r , t h i s w i l l t u r n t r a n s i s t o r f o u r o f f , a l l o w i n g
n o d e t h r e e t o c h a r g e t o V d d m i n u s t h e t h r e s h o l d v o l t a g e , o r l o g i c
h i g h . T h i s w i l l a l l o w t r a n s i s t o r t h r e e t o t u r n o n , f u l f i l l i n g
t h e o r i g i n a l a s s u m p t i o n . T h e r e f o r e , t h e s t a t e i s s t o r e d w i t h o u t
a n y r e f r e s h b e i n g n e c e s s a r y . D a t a i s p l a c e d i n t h e c e l l b y
a c t i v a t i n g t r a n s i s t o r s f i v e a n d s i x . T h e d i s t i n c t i o n
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b e t w e e n r e a d a r i d w r i t e i s d e p e n d e n t o n t h e s t a t e o f t h e b i t a n d
b i t b , w h e r e b i t b i s t h e c o m p l i m e n t t o b i t . F o r a w r i t e
o p e r a t i o n , t h e b i t l i n e i s c h a r g e t o t h e s t a t e t o b e s t o r e d w h i l e
t h e b i t b l i n e s i s c h a r g e t o t h e c o m p l i m e n t . T r a n s i s t o r s f i v e a r i d
s i x a r e t h e n a c t i v a t e d , a l l o w i n g n o d e s t w o a n d t h r e e t o b e
o v e r r i d d e n w i t h t h e n e w s t a t e . F o r a r e a d o p e r a t i o n , b o t h b i t
a n d b i t b a r e p r e c h a r g e d t o V d d . W h e n t r a n s i s t o r s f i v e a r i d s i x
a r e t u r n e d o r , o n e o f t h e l i n e s w i l l b e d i s c h a r g e d w h i l e t h e
o t h e r r e m a i n s a t ~ ) d d . T h e s t a t e o n t h e b i t l i n e i s t h e s t a t e
t h a t w a s r e a d . S i m p l e N ~ N D a n d N O R l o g i c c o n t r o l s t h e
p r e c h a r g i n g a n d t h e c h a r g i n g o f t h e b i t l i n e s . P a s s t r a n s i s t o r s
t r e e s w e r e u s e d f o r r o w a n d c o l u m n d e c o d e .
D E S I G N
T h i s m e m o r y w a s d e s i g n e d u s i n Q e n h a n c e m e n t m o d e N M O S
t r a n s i s t o r s o n l y , r e d u c i n g t h e n u m b e r o f l i t h o g r a p h y l a y e r s a n d
f a b r i c a t i o n s t e p s . P o l y w a s u s e d f o r t h e g a t e m a t e r i a l b e c a u s e
t h e p r o c e s s w a s s e l f a l i g n i n g a l l o w i n g f o r s m a l l e r g a t e l e n g t h s .
M i n i m u m w i d t h o f p o l y w a s f i v e m i c r o n s , w h i l e a l l o t h e r s p a c i n g
a n d w i d t h r u l e s w e r e t e n m i c r o n s . T h e a r c h i t e c t u r e o f t h e S R ~ M
w a s 1 2 8 b i t b y o n e b i t , r e q u i r i n g s e v e n a d d r e s s l i n e s , a
r e a d / w r i t e b a r l i n e , c h i p e n a b l e , i n , o u t , p o w e r a n d g r o u n d . P ~
b l o c k d i a g r a m o f t h e d e s i g n c a n b e s e e n i n F i g u r e 2 . F o u r l a y e r s
w e r e u s e d , a c t i v e , p o l y s i l i c o n , c o n t a c t s , a n d m e t a l .
T h e d e s i g n w a s p e r f o r m e d o r ~ p o l l o w o r k s t a t i o n s u s i n g M e n t o r
G r a p h i c s l a y o u t t o o l C h i p g r a p h . P r e c h a r g i n g t e c h n i q u e s , a s
d e s c r i b e d i n t h e i n t r o d u c t i o n s e c t i o n , w e r e e m p l o y e d t o r e d u c e
t h e s i z e o f t h e b a s e c e l l . B y u s i n g p r e c h a r g i n g , t h e d r i v e
c a p a b i l i t y o f t h e t r a n s i s t o r s i n t h e b a s e c e l l s i s v e r y s m a l l ,
a l l o w i n g f o r s m a l l w i d t h t o l e n g t h r a t i o s . R o w a n d c o l u m n s e l e c t
w a s a c c o m p l i s h e d b y u s i n g p a s s t r a n s i s t o r n e t w o r k s . S i m u l a t i o n
o f t r a n s i s t o r s i z e s a n d c o n n e c t i v i t y w a s d o n e u s i n Q S P I C E . T h e
m a j o r c o n c e r n w i t h t h i s w a s t h e m o d e l s u s e d w h i c h w e r e u n t e s t e d
a n d i n c o m p l e t e . T h e o n l y p a r a m e t e r s g i v e r w e r e t h r e s h o l d
v o l t a g e s w h i c h w a s s e t t o o n e v o l t , a n d g a t e o x i d e t h i c k n e s s ,
w h i c h w a s s e t t o 7 0 0 a n g s t r o m s . I t c a n b e n o t e d t h o u g h t h a n m a r y
o t h e r ~ a r a m e t e r s a r e c a l c u l 3 t e d f r o m t h e s e i n S P I C E .
R E S U L T S / D I S C U S S I O N
~ s t h i s w a s a d e s i g n p r o j e c t t h e r e a r e n o d i s t i n c t r e s u l t s
a s i n a n e x p e r i m e n t , b u t s o m e d i s c u s s i o n s c a n b e m a d e o n p r o b l e m s
e n c o u n t e r e d a n d f u t u r e w o r k t h a t c o u l d b e p e r f o r m e d . T h e b a s e
c e l l , w h i c h c o n t a i n e d t h e t w o i n v e r t e r s a n d t w o p a s s t r a n s i s t o r s ,
o c c u p i e d a n a r e a o f 1 7 0 m i c r o n s b y 2 7 0 m i c r o n s . P ~ l a y o u t o f t h e
b a s e c e l l c a n b e s e e n i n F i g u r e 3 . T h i s w a s p l a c e d i n a n a r r a y
o f 1 6 b y 8 . ~ d i o i n i n g c e l l s w e r e m i r r o r i m a g e s o f e a c h o t h e r ,
o r i n o t h e r w o r d s , o n e w a s f l i p p e d a l o n g i t ’ s v e r t i c a l a x i s .
T h i s a l l o w e d p o w e r a n d g r o u n d l i n e s
2 0
F i g u r e 3 : L a y o u t o f B a s e M e m o r y C e l l
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w i t h i n t h e a r r a y t o b e s h a r e d , s a v i n g 4 0 m i c r o n s p e r e v e r y t w o
c e l l s , s a v i n g 3 2 0 m i c r o n s a l l o w i n g a n e x t r a t w o c o l u m n s t o b e
p l a c e d i n t h e a r r a y . ~ l a r g e a m o u n t o f t i m e w a s s p e n t l a y i n g o u t
t h e b a s e c e l l t o a l l o w e a c h c e l l t o c o n n e c t t o t h e o t h e r . T h i s
a l l o w e d a d e n s e a r r a y b e c a u s e n o r o u t i n g l a n e s w e r e n e e d e d i n t h e
i n t e r n a l a r r a y .
P ~ s s t a t e d i n t h e D e s i g n s e c t i o n , t h e S P I C E m o d e l s u s e d w e r e
i n c o m p l e t e , b u t c i r c u i t f u n c t i o n a l i t y c o u l d b e v e r i f i e d a s l o n g
a s s o m e c a r e w a s t a k e n n o t t o b e l i e v e a l l r e s u l t s a s e x a c t . T h e
m a j o r p r o b l e m c o n c e r n i n g t h e S P I C E s i m u l a t i o n s w a s a l a c k o f t r u e
c a p a c i t a n c e v a l u e s f o r p a r a s i t i c d e v i c e s . T h i s d e s i g n r e l i e s
h e a v i l y o n c a p a c i t a n c e s d u e t o t h e l a r g e n u m b e r o f p a s s
t r a n s i s t o r s . I n m a n y s i t u a t i o n s w h e r e a p a s s t r a n s i s t o r s i s
t u r n e d o f f , t h e c h a r g e s t o r e d o n t h e g a t e o f a n o t h e r t r a n s i s t o r
i s v i t a l t o m a i n t a i n c o r r e c t o p e r a t i o n . T h e l a c k o f p a r a s i t i c
c a n a c i t a n c e s i n t h e S P I C E m o d e l s c a u s e d p l a c e m e n t o f c a p a c i t o r s
i n t h e i n p u t d e c k s . T h e v a l u e s f o r t h e s e c a p a c i t o r s w a s u s u a l l y
b e t w e e n 0 . 1 p i c o f a r a d a n d 1 . 0 p i c o f a r a d . W i t h o u t a n y k n o w l e d g e
o f t e s t r e s u l t s f r o m t h e p r o c e s s , t h e s e v a l u e s s e e m e d r e a s o n a b l e .
I t m u s t a l s o b e r e m e m b e r e d t h a t t i m i n g w a s n o t a c o n s i d e r a t i o n
d u r i n g a n y o f t h e d e s i g n p h a s e .
~ f a i r a m o u n t o f t i m e w a s s p e n t d e t e r m i n i n g t h e e x a c t m e t h o d
f o r t e s t i n g t h e d e v i c e s . ~ t w e l v e p a d s t r u c t u r e w a s c h o s e n e v e n
t h o u g h t h e d e s i g n r e ~ u i r e d 1 3 i n p u t s . I t w a s d e t e r m i n e d t h a t a
a d d i t i o n a l p a d c o u l d b e a d d e d a s l o n g a s i t w a s m u c h l a r g e r t h a n
a n o r d i n a r y p r o b e p a d . S p a c e w a s a v a i l a b l e s o t h i s o p t i o n w a s
u s e d . T h i s a l l o w e d t e s t i n g o f t h e d e v i c e w i t h a v a i l a b l e
e q u i ~ m e n t a t R I T .
F u t u r e w o r k t h a t c o u l d b e ~ a r f o r m e d o n t h e d e v i c e w o u l d b e
a n u p d a t e o f t h e S P I C E m o d e l s a l l o w i n g f o r m o r e a c c u r a t e
s i m u l a t i o n a n d a g r e a t e r g u a r a n t e e o f w o r k i n g d e v i c e s . ~ n o t h e r
w a y o f d e t e r m i n i n g i f t h e d e s i g n i s f u n c t i o n a l w o u l d b e t o
a c t u a l l y f a b r i c a t e a n d t e s t t h e d e v i c e s . C o n t a c t , p o l y , a n d
d i f f u s i o n r e t i c a l s h a v e b e e n m a d e , a s h a v e p o l y a n d d i f f u s i o n
m a s k s .
C O N C L U S I O N S
P ~ s s t a t e d p r e v i o u s l y , t h i s w a s a d e s i g n p r o j e c t , n o t a n
e x p e r i m e n t . S i n c e f a b r i c a t i o n w a s n o t p e r f o r m e d , i t i s d i f f i c u l t
t o d e t e r m i n e i f t h e d e s i g n w a s f u n c t i o n a l . S P I C E s i m u l a t i o n
s h o w e d w o r k i n g d e v i c e s , b u t t h e m o d e l s u s e d f o r S P I C E w e r e n o t
c o m p l e t e . F u t u r e w o r k t h a t c o u l d b e p e r f o r m e d w o u l d b e t h e
d e v e l o p m e n t o f c o m p l e t e S P I C E m o d e l s f o r t h e N M D S p r o c e s s , a n d
t h e f a b r i c a t i o n a n d t e s t i n g o f d e v i c e s . S o m e m a s k s h a v e b e e n
m a d e h e l p i n g t h i s p o s s i b l e f u t u r e w o r k .
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P a t r i c k 6 . D r e n n a n
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
~ B S T R i ~ C T
~ S p l i t S p l i t P l o t D e s i g n w a s i m p l e m e n t e d t o
i n v e s t i g a t e t h e r e l a t i o n s h i p b e t w e e n t h e i o n
i m p l a n t a t i o n c o n d i t i o n s a n d t h e c o m p l e x
r e f r a c t i v e i n d e x o f t h e i n h e r e n t d a m a g e
l a y e r . F o u r f a c t o r s c h o s e n t o e v a l u a t e t h i s
r e l a t i o n s h i p w e r e w a f e r o r i e n t a t i o n , d o s e
c o n c e n t r a t i o n , i m p l a n t a c c e l e r a t i o n
p o t e n t i a l , a n d s c r e e n o x i d e t h i c k n e s s . T h e
r e s p o n s e v a r i a b l e w a s t h e c o m p l e x r e f r a c t i v e
i n d e x o f t h e d a m a g e d l a y e r m e a s u r e d b y
e l l i p s o m e t r y . R e s u l t s i n d i c a t e t h a t t h e r e i s
a r e l a t i o n s h i p b e t w e e n t h e d o s e c o n c e n t r a t i o n
a n d t h e r e s p o n s e v a r i a b l e t h a t i s m o s t
s e n s i t i v e t o d o s e s b e t w e e n 5 e 1 3 i o n s / c m 2 a n d
5 e 1 5 i o n s / c m 2 . H o w e v e r , t h e r a n g e o f t h e
r e f r a c t i v e i n d e x i n c r e a s e s c o n s i d e r a b l y i n
t h i s r a n g e t o p r e v e n t t h e i m p l e m e n t a t i o n o f
t h i s m e t h o d a s a n e v a l u a t i o n t o o l .
I N T R O D U C T I O N
W h e n h i g h m o l e c u l a r w e i g h t p a r t i c l e s a r e i m p l a n t e d i n t o
s i l i c o n w a f e r s , a l a y e r o f d a m a g e i s c r e a t e d a c r o s s t h e s u r f a c e
d u e t o p h y s i c a l c o l l i s i o n s b e t w e e n t h e b o m b a r d i n g s p e c i e s a n d t h e
s i l i c o n a t o m s [ 1 - 6 ] . D i s l o c a t i o n s o f t h e s e a t o m s r e s u l t i n a n
a m o r p h o u s l a y e r i n w h i c h t h e r e f r a c t i v e i n d e x h a s b e e n a l t e r e d
f r o m t h e m o n o c r y s t a l l i n e s i l i c o n . ~ s s u c h , a n o p t i c a l
m e a s u r e m e n t t o o l t h a t i s h i g h l y s e n s i t i v e t o t h i s c h a n g e , s u c h a s
a n e l l i p s o m e t e r , m a y b e u s e d t o m e a s u r e t h e n e w r e f r a c t i v e i n d e x
t h i s a m o r p h o u s l a y e r [ 7 - 1 1 ] . I n t h i s e x p e r i m e n t , t h e m e a s u r e d
s a m p l e s w e r e t r e a t e d a s s u b s t r a t e s w i t h o u t a t h i n f i l m p r e s e n t
a n d t h e c o m p l e x r e f r a c t i v e i n d e x w a s o b t a i n e d T r e a t i n g t h e
a m o r p h o u s l a y e r a s a s u b s t r a t e , t h e e l l i p s o m e t e r r o u t i n e s c a n
d e t e r m i n e t h e c o m p l e x r e f r a c t i v e i n d e x o f t h e f i l m a n d h e n c e t h e
a m o u n t o f d a m a g e c r e a t e d b y t h e i m p l a n t a t i o n .
I n n u l l e l l i p s o m e t r y , a c o l l i m a t e d m o n o c h r o m a t i c l i g h t
s o u r c e p a s s e s l i g h t t h r o u g h a p o l a r i z e r a n d a q u a r t e r w a v e p l a t e
w h i c h a c t t o g e t h e r t o f o r m a n e l l i p s o m e t e r i c a l l y p o l a r i z e d b e a m
o f l i g h t . W h e n r e f l e c t e d f r o m a s u r f a c e , t h e e l l i p t i c i t y o f t h i s
b e a m i s a l t e r e d . T o d e t e r m i n e t h e c h a n g e i n t h e e l l i p t i c i t y ,
a n o t h e r p o l a r i z e r i s p l a c e d b e f o r e a p h o t o d e t e c t o r a n d i s r o t a t e d
u n t i l a m i n i m u m o r z e r o i n t e n s i t y i s m e a s u r e d a t t h e
p h o t o d e t e c t o r . T h e a n g l e s o f t h e t w o p o l a r i z e r s a n d t h e q u a r t e r
w a v e p l a t e c a n t h e n b e u s e d t o c a l c u l a t e t h e c h a n g e i n p h a s e
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( d e l t a > a n d i n m a g n i t u d e ( p s i ) o f t h e r e f l e c t e d b e a m . T h e s e
v a l u e s , i n t u r n , m a y b e u s e d t o f i n d t h e c o m p l e x r e f r a c t i v e i n d e x
o f t h e s u b s t r a t e o r t h e t h i c k n e s s a n d r e f r a c t i v e i n d e x m a g n i t u d e
o f a t h i n f i l m .
U p o n i m p l a n t a t i o n , t h e o p t i c a l a n d p h y s i c a l a l t e r a t i o n s t o
t h e w a f e r s u r f a c e a r e r e l a t e d t o t h e n a t u r e o f t h e i o n
i m p l a n t a t i o n c o n d i t i o n s . P a r a m e t e r s s u c h a s a c c e l e r a t i o n
p o t e n t i a l , s p e c i e s , d o s e c o n c e n t r a t i o n , a n d c h a n n e l i n g s h o u l d
h a v e a n e f f e c t o n t h e r e f r a c t i v e i n d e x . T h e s e r e l a t i o n s h i p s m a y
t h e n b e d e r i v e d a n d i m p l e m e n t e d t o c a l c u l a t e o r e s t i m a t e t h e
a f o r e m e n t i o n e d i m p l a n t a t i o n p a r a m e t e r s .
I n t e r m s o f p r a c t i c a l a p p l i c a t i o n , a n o n d e s t r u c t i v e
t e c h n i q u e f o r e v a l u a t i n g i o n i m p l a n t a t i o n d o s e c o n c e n t r a t i o n a n d
u n i f o r m i t y i s a n a t t r a c t i v e p r o p o s i t i o n p a r t i c u l a r l y w i t h t h e
l o w e r d o s e i m p l a n t s ( i e t h r e s h o l d v o l t a g e a d j u s t i m p l a n t s - -
‘ ~ 5 e 1 1 c m - 2 ) . N o t o n l y w o u l d t h i s t e c h n i q u e p r o v i d e r e a l t i m e
a n a l y s i s , w h i c h i s i n s t r u m e n t a l i n i n s t i t u t i n g s t a t i s t i c a l
p r o c e s s c o n t r o l , b u t i t m a y a l s o p r o v i d e f o r r e t r o a c t i v e d o s e
c o r r e c t i o n s a n d e l i m i n a t e a n a n n e a l c y c l e t h a t i s r e q u i r e d f o r
f o u r p o i n t p r o b e m e a s u r e m e n t . I n t h i s w o r k , a n i n v e s t i g a t i o n o f
t h e p o t e n t i a l f o r a n e l l i p s o m e t e r i c e v a l u a t i o n o f i o n
i m p l a n t a t i o n w a s p e r f o r m e d .
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B a s e d u p o n p r i o r k n o w l e d g e o f i o n i m p l a n t a t i o n d a m a g e
c r e a t i o n , i t w a s d e c i d e d t h a t t h e f o u r m o s t i n f l u e n t i a l f a c t o r s
o n t h e d a m a g e c r e a t i o n w e r e d o s e c o n c e n t r a t i o n , c r y s t a l
o r i e n t a t i o n , s c r e e n o x i d e t h i c k n e s s , a n d a c c e l e r a t i o n p o t e n t i a l
[ 1 , 8 ] . W i t h t h i s i n m i n d , a S p l i t - S p l i t P l o t D e s i g n w a s
d e v e l o r D e d i n o r d e r t o m i n i m i z e t h e n u m b e r o f w a f e r s e m p l o y e d
w h i l e m a i n t a i n i n g a s u f f i c i e n t n u m b e r o f t r e a t m e n t c o m b i n a t i o n s
s o t h a t t h i s s y s t e m m a y b e a d e q u a t e l y c h a r a c t e r i z e d . T h e
e x p e r i m e n t a l m a t r i x a p p e a r s a s F i g u r e 1 . T h e f a c t o r s C r y s t a l
O r i e n t a t i o n a n d ~ c c e l e r a t i o n P o t e n t i a l h a d l e v e l s o f < 1 0 0 > , < 1 1 1 >
a n d 5 0 , 1 2 5 , a n d 2 0 0 k e Y , r e s p e c t i v e l y . W i t h i n e a c h o f t h e s e
t r e a t m e n t c o m b i n a t i o n s w e r e t w o w a f e r s f o r r e p l i c a t i o n s o t h a t
t h e b e t w e e n w a f e r v a r i a b i l i t y c o u l d b e e s t i m a t e d .
~ s l a b e l e d i n F i g u r e 1 , w i t h i n e a c h w a f e r , t h e w a f e r w a s
s p l i t i n h a l f . O n e h a l f o f t h e w a f e r h a d a s c r e e n o x i d e w h i l e
t h e o t h e r h a l f d i d r i o t . P e r p e n d i c u l a r t o t h e s e p a r a t i o n o f t h e
s c r e e n o x i d e , w e r e f i v e b a r s o f i m p l a n t a t i o n r a n g i n g f r o m d o s e s
o f 3 . O e l l t o 3 . 0 e 1 5 i o n s / c m 2 , i n c r e m e n t e d i n o r d e r s o f m a g n i t u d e .
T h e s e d o s e s w e r e r a n d o m l y d i s t r i b u t e d a m o n g s t t h e s e f i v e b a r s ,
b u t e v e r y w a f e r c o n t a i n e a c h o f t h e f i v e d o s e s f o r a t o t a l o f t e n
e x p e r i m e n t a l u n i t s p e r w a f e r . I o n i m p l a n t a t i o n s w e r e m a s k e d w i t h
c o n v e n t i o n a l p o s i t i v e N D S / N o v o l a c r e s i s t s p u n o n t o t h e w a f e r s a t
3 0 0 0 R P M f o r a t h i c k n e s s o f a p p r o x i m a t e l y 1 . 5 m i c r o n s . W a f e r s
w e r e e x p o s e d a n d d e v e l o p e d s u c h t h a t o n l y t h e b a r o f i n t e r e s t w a s
e x p o s e d f o r t h e i m p l a n t a t i o n .
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T w o c o n t r o l w a f e r s w e r e a l s o i n c l u d e d i n t h e e x p e r i m e n t a l
d e s i g n . T h e s e w a f e r s w e r e i m p l a n t e d a t a c e n t e r p o i n t i n t h e
m a t r i x b o t h b e f o r e a n d a f t e r e a c h d a y o f i m p l a n t a t i o n s o t h a t d a y
t o d a y v a r i a b i l i t y i n t h e i m p l a n t e r m a y b e m e a s u r e d a n d r e m o v e d .
T h e s e w a f e r s w e r e i m p l a n t e d a t a d o s e c o n c e n t r a t i o n o f 3 . 0 e 1 3
i c ’ n s / c m 2 , c r y s t a l o r i e n t a t i o n o f < 1 0 0 > , e n e r g y o f l 2 5 k e V , a n d
w i t h n o s c r e e n o x i d e p r e s e n t .
C r y s t a l O r i e n t a t i o n
< 1 0 0 > < 1 1 1 >
F I G U R E 1 : E x p e r i m e n t a l M a t r i x .
I C
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~ J a f e r s w e r e i m p l a n t e d o n a Y a r i a n / E x t r i o n
i m p l a n t e r o v e r a s p a n o f f o u r d a y s u s i n g
M e a s u r e m e n t s w e r e p e r f o r m e d o n a C Y C / P L ~ S M O S
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~ l t e r a t i o n s i n t h e r e f r a c t i v e i n d e x o f t h e w a f e r ~ s a f t e r
i m p l a n t a t i o n w e r e a p p a r e n t t o b o t h t h e n a k e d e y e a n d
e l l i p s o m e t r y . E l l i p s o m e t e r i c m e a s u r e m e n t s w e r e p e r f o r m e d b y
t r e a t i n g t h e w a f e r s a s s u b s t r a t e s w i t h o u t a t h i n f i l m p r e s e n t o n
t h e s u r f a c e s o t h a t t h e r e a l a n d i m a g i n a r y c o m p o n e n t s o f t h e
r e f r a c t i v e i n d e x c o u l d b e m e a s u r e d , a s o p p o s e d t o o u s t t h e
m a g n i t u d e . ~ l s o , w h e n t r e a t i n g t h e d a m a g e d l a y e r a s a t h i n f i l m
o v e r a c r y s t a l l i n e s i l i c o n s u b s t r a t e , i t w a s t h e o r i z e d t h a t t h e
e l l i p s o m e t e r w o u l d l i k e l y i n c u r s o m e d i f f i c u l t y i n d e t e r m i n i n g
t h e i n t e r f a c e b e t w e e n t h e d a m a g e d l a y e r a n d t h e s u b s t r a t e s i n c e
t h e d a m a g e i s p l a c e d o v e r s o m e s i n g l e s i d e d d i s t r i b u t i o n .
T h e a n a l y s i s o f v a r i a n c e f o r b o t h c o m p o n e n t s o f t h e
r e f r a c t i v e i n d e x i s s h o w n i n T a b l e 1 . U r d e r t h e c o l u m n l a b e l e d
‘ S o u r c e ’ , E i s t h e a c c e l e r a t i o n p o t e n t i a l , 0 i s t h e c r y s t a l
o r i e n t a t i o n , S i s t h e s c r e e n o x i d e t h i c k n e s s , a n d 0 i s t h e d o s e
c o n c e n t r a t i o n . T h e t e r m s l a b e l e d W a r e t h e e r r o r t e r m s u s e d t o
c a l c u l a t e t h e F r a t i o a s l a b e l e d i n c o l u m n 5 . T h e t e r m s w i t h a
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s t a r ’ ( * ) a r e i n t e r a c t i o n s b e t w e e n t h e f a c t o r s l i s t e d i n t h a t
t e r m . F o u r t h o r d e r i n t e r a c t i o n s w e r e n o t i n v e s t i g a t e d . T h e l a s t
c o l u m n i s t h e a l p h a v a l u e n e e d e d t o a c c e p t t h e n u l l h y p o t h e s i s
t h a t t h e r e i s s t a t i s t i c a l l y n o d i f f e r e n c e b e t w e e n t h e l e v e l s o f a
g i v e n s o u r c e . I n o t h e r w o r d s t h e l o w e r t h e v a l u e i n c o l u m n 6 t h e
h i g h e r t h e i m p a c t t h a t t h a t s o u r c e w i l l h a v e o n t h e r e f r a c t i v e
i n d e x .
U s i n g t h i s i n f o r m a t i o n , i t w a s r e a d i l y a p p a r e n t t h a t t h e
a c c e l e r a t i o n p o t e n t i a l , d o s e c o n c e n t r a t i o n , a n d t h e s c r e e n o x i d e
t h i c k n e s s w e r e s t a t i s t i c a l l y s i g n i f i c a n t . H o w e v e r t h e r e w a s n o t
s u f f i c i e n t e v i d e n c e t o c o n c l u d e t h a t t h e c r y s t a l o r i e n t a t i o n h a d
a n i m p a c t o n t h e c h a n g e i n r e f r a c t i v e i n d e x . T h e r e f o r e , t h o s e
t r e a t m e n t c o m b i n a t i o n s t h a t v a r i e d i n t e r m s o f o r i e n t a t i o n a l o n e
w e r e c o n s i d e r e d t o b e r e p l i c a t i o n s a n d t h e e n t i r e e x p e r i m e n t a l
m a t r i x w a s r e d u c e d f r o m f o u r f a c t o r s t o t h r e e .
B e a r i n g t h i s i n m i n d , t h e p l o t s o f t h e r e a l c o m p o n e n t o f t h e
r e f r a c t i v e i n d e x v e r s u s d o s e c o n c e n t r a t i o n a r e l i s t e d i n F i g u r e 2
f o r b o t h s c r e e n o x i d e t h i c k n e s s e s a n d a l l t h r e e a c c e l e r a t i o n
p o t e n t i a l s . F o u r p i e c e s o f i n f o r m a t i o n c a n b e e x t r a c t e d f r o m
t h e s e p l o t s . F i r s t , a s o n e i n c r e a s e s t h e a c c e l e r a t i o n p o t e n t i a l ,
g e n e r a l l y s p e a k i n g , t h e r e f r a c t i v e i n d e x i n c r e a s e s f o r t h e h i g h e r
d o s e s ( 3 . 0 e 1 4 t o 3 . 0 e 1 5 i o n s / c m 2 ) . T h i s p a r a l l e l s w h a t o n e m i g h t
a n t i c i p a t e s i n c e t h e k i n e t i c e n e r g y b u i l t u p d u r i n g t h e
a c c e l e r a t i o n m u s t t r a n s f e r t o t h e s i l i c o n s u b s t r a t e a n d d i s p l a c e
s o m e o f t h e s i l i c o n a t o m s f r o m t h e c r y s t a l s t r u c t u r e e i t h e r v i a
i n e l a s t i c c o l l i s i o n s o r e n e r g y t r a n s f e r m e c h a n i s m s . S e c o n d , a n
i n c r e a s e i n t h e d o s e c o n c e n t r a t i o n a l s o w a s r e f l e c t e d i n a n
i n c r e a s e i n t h e r e f r a c t i v e i n d e x . T h i s w a s i n t u i t i v e l y a p p a r e n t
s i n c e a d d i t i o n a l e n e r g y m u s t b e d i s s i p a t e d t o t h e c r y s t a l b y
v i r t u e o f t h e i n c r e a s e d n u m b e r o f a t o m s b e i n g i m p l a n t e d . T h i r d ,
t h e p r e s e n c e o f a s c r e e n o x i d e o v e r t h e w a f e r r e s u l t e d i n a
s m a l l e r i m p a c t o n t h e r e f r a c t i v e i n d e x f o r h i g h e r d o s e s . T h i s
w a s e a s i l y a c c o u n t e d f o r b y t h e e n e r g y a b s o r p t i o n o f t h e s c r e e n
o x i d e w h i c h a p p a r e n t l y r e m o v e d a s i g n i f i c a n t p o r t i o n o f t h e
d a m a g e f r o m t h e s i l i c o n c r y s t a l . ~ n d f i n a l l y , t h e r a n g e o f
v a l u e s f o r t h e r e f r a c t i v e i n d e x a l s o i n c r e a s e d w i t h i n c r e a s i n g
d o s e c o n c e n t r a t i o n s .
T h i s l a s t p o i n t i s d e m o n s t r a t e d i n F i g u r e 3 , w h e r e t h e r a n g e
i n r e f r a c t i v e i n d e x v a l u e s i s p l o t t e d v e r s u s t h e d o s e
c o n c e n t r a t i o n f o r a l l o f t h e p o i n t s m e a s u r e d . I t w a s c l e a r t o
s e e t h a t b o t h t h e r e a l a n d i m a g i n a r y c o m p o n e n t s f o l l o w t h i s t r e n d
w h i c h a p p e a r s t o b e t h e s i n g l e g r e a t e s t f l a w i n t h i s e v a l u a t i o n
m e t h o d o l o g y . F o r e x a m p l e , i f o n e m e a s u r e d a w a f e r w i t h n o s c r e e n
o x i d e o n i t t h a t w a s i m p l a n t e d a t 2 0 0 k e Y , t h e y m i g h t o b t a i n a
v a l u e f o r t h e r e a l c o m p o n e n t o f t h e r e f r a c t i v e i n d e x o f 4 . 1 5 .
R e f e r i n g t o t h e b o t t o m l e f t p l o t i n F i g u r e 2 , o n e c o u l d n o t
c o n c l u d e t h a t t h e w a f e r w a s i m p l a n t e d w i t h 3 . 0 e 1 4 o r 3 . 0 e 1 5
i o n s / c m 2 o r a n y o t h e r v a l u e i n b e t w e e n . ~ s i m i l a r a r g u m e n t c o u l d
b e p r e s e n t e d f o r t h e i m a g i n a r y c o m p o n e n t .
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F I G U R E 3 : R e f r a c t i v e i n d e x r a n g e v e r s u s d o s e c o n c e n t r a t i o n .
I t w a s i n s t r u c t i v e t o v i s u a l i z e b o t h c o m p o n e n t s o f t h e
r e f r a c t i v e i n d e x o n a t h r e e d i m e n s i o n a l p l o t a s s h o w n i n F i g u r e
4 . C l e a r l y o n e c a n s e e t h a t t h e o u t e r t w o m o s t b a r s o f
i m p l a n t a t i o n ( d o s e s o f 3 . O e l l a n d 3 . 0 e 1 2 i o n s / c m 2 ) a r e n o t
a p p a r e n t i n t h e s e p l o t s . T h e m i d d l e b a r ( d o s e o f 3 . 0 e 1 3
i o n s / c m 2 ) s h o w s u p o n l y o n t h e i m a g i n a r y c o m p o n e n t p l o t . T h e t w o
h i g h e s t d o s e s ( 3 . 0 e 1 4 a n d 3 . 0 e 1 5 i o n s / c m 2 ) h a d s i g n i f i c a n t i m p a c t
o n b o t h c o m p o n e n t s . I t i s c l e a r t o s e e t o s e p a r a t i o n o f t h e
s c r e e n o x i d e t h i c k n e s s e s , p a r t i c u l a r l y i n t h e i m a g i n a r y p l o t . ~ s
p r e v i o u s l y o u t l i n e d , t h e r a n g e o f v a l u e s f o r r e f r a c t i v e i n d e x
i n c r e a s e d a s t h e v a l u e s t h e m s e l v e s i n c r e a s e d . L o o k i n g a t t h e
h i g h e s t b a r i n t h e r e a l c o m p o n e n t p l o t , t h e v a r i a t i o n i n t h e s e
v a l u e s i s c o n s i d e r a b l y g r e a t e r t h a n t h e s e c o n d h i g h e s t b a r . T h i s
s a m e p o i n t c o u l d b e o b s e r v e d o n t h e i m a g i n a r y c o m p o n e n t p l o t i f
t h e a n g l e o f v i e w h a d b e e n c h o s e n p r o p e r l y .
‘ R e a l C o m p o n e n t o f t h e R e f r a c t i v e i n d e x i m a g i n a r y C o m p o n e n t o f t h e R e f r a c t i v e I n d e x
S u b s t r a t e
; ~ e ~ s ~
: p . f l i ~
R
F I G U R E 4 : T h r e e d i m e n s i o n a l p l o t s o f t h e c o m p l e x r e f r a c t i v e i n d e x .
I t s h o u l d b e n o t e d t h a t s o m e w o r k h a s b e e n p e r f o r m e d o n t h e
u s e o f p o l y c h r o m a t i c o r s p e c t r o s c o p i c e l l i p s o m e t r y t o e v a l u a t e
i o n i m p l a n t a t i o n d o s e c o n c e n t r a t i o n a n d u n i f o r m i t y . T h e s e w o r k s
a r e p r o v i d e d i n r e f e r e n c e s 1 2 - 1 5 . F u t u r e w o r k i n t h e r e a l m o f a n
o p t i c a l e v a l u a t i o n o f i o n i m p l a n t a t i o n s h o u l d i n c l u d e t h i s
a s p e c t , a s i t a p p e a r s t o b e a s i g n i f i c a n t l y m o r e p o w e r f u l t o o l .
3 . 0 0 0 E + 1 1 3 . 0 0 0 E ÷ 1 2 3 . 0 0 0 E ÷ 1 3 3 . 0 0 0 E + 1 4
D o s e i o n s l c m 2
k $ u b s t r a t C
$ u , i v t l A n ~ 1 t — 8 0
l i l t A x ~ ~ l t t O ’
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C ~ N ~ L J ~ I ~ N
~ l t h o u g h a r e l a t i o n s h i p w a s c l e a r l y o b s e r v e d b e t w e e n t h e
c o m p l e x r e f r a c t i v e i n d e x o f t h e d a m a g e d l a y e r a n d t h e d o s e
c o n c e n t r a t i o n , b y v i r t u e o f t h e i n c r e a s e d d i s t r i b u t i o n o f t h e
m e a s u r e d r e s u l t s , n u l l e l l i p s o m e t r y u s i n g a H e N e l a s e r s o u r c e a t
a 7 0 d e g r e e i n c i d e n t a n g l e , d o e s n o t a p p e a r t o b e a f e a s i b l e
a l t e r n a t i v e t o c u r r e n t i o n i m p l a n t a t i o n m o n i t o r i n g t e c h n i q u e s .
I t w a s d e t e r m i n e d t h r o u g h a n a n a l y s i s o f t h e v a r i a n c e t h a t o f t h e
f o u r f a c t o r s e v a l u a t e d , a c c e l e r a t i o n p o t e n t i a l , d o s e
c o n c e n t r a t i o n , a n d s c r e e n o x i d e t h i c k n e s s w e r e s t a t i s t i c a l l y
s i g n i f i c a n t , w h i l e t h e f o r t h f a c t o r , c r y s t a l o r i e n t a t i o n , w a s
n o t . ~ p o t e n t i a l a l t e r n a t i v e m e t h o d f o r e v a l u a t i n g i o n
i m p l a n t a t i o n m a y b e s p e c t r o s c o p i c e l l i p s o m e t r y .
c ~ C K N O W L E D G M E N T S
T h e a u t h o r w o u l d l i k e t o t h a n k t h e f o l l o w i n g p e o p l e f o r ’
t h e r e h e l p . M r . P a u l B a l l e n t i n e o f C V C P r o d u c t s I n c . f o r t h e
u s e o f t h e C V C / P l a s m o s S D 2 0 0 0 E l l i p s o m e t e r , M s . C h e r y l C h r i s t o f
t h e C e n t e r f o r Q u a l i t y C o n t r o l a n d ~ p p l i e d S t a t i s t i c s a t R I T f o r
h e r h e l p i n s e t t i n g u p t h e e x p e r i m e n t a l m a t r i x , D r . J o e V o e l k e l
o f t h e C e n t e r f o r Q u a l i t y C o n t r o l a n d ~ p p l i e d S t a t i s t i c s a t R I T
f o r h i s h e l p i n s t a t i s t i c a l l y a n a l y z i n g t h e d a t a , a n d M r . S c o t t
B l o n d e l l o f R I T M i c r o e l e c t r o n i c E n g i n e e r i n g F a c i l i t i e s f o r h i s
c o n t i n u a l a s s i s t a n c e i n k e e p i n g t h e i o n i m p l a n t e r r u n n i n g .
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[ 1 1 ] P . B u r g g r a f , S e m i c o n d u c t o r I n t e r n a t i o n a l , N o v e m b e r 1 9 8 8 ,
P p . 7 6 - 8 3 .
F . F e r r i e u , e t a l , 3 . P ~ p p 1 . P h y s . 6 2 , 3 4 5 8
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I S o u r c e 2 O F 3 8 5
4 M S
5 F V a l u e
6 P r > F
I m a g i n a r y C o m p o n e n t o f t h e R e f r a c t i v e I n d e x
I S o u r c e 2 O F 3 S S
4 M S 5 F V a l u e 6 P r > F
[ 1 2 ]
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I n S i t u
E 2 0 . 0 3 0 9 5 1 0 . 0 i 5 4 7 5 0 . 8 7 0 . 5 6 0 3
0 1 0 . 0 0 0 0 0 9 0 . 0 0 0 0 0 9 0 . 0 0 0 . 9 8 5 3
E ~ D 2 0 . 0 7 0 5 6 5 0 . 0 3 5 2 8 3 1 . 5 3 0 . 3 2 0 6
W ( E , e O ) 4 0 . 0 9 2 1 1 7 0 . 0 2 3 0 2 9 1 0 . 1 7 0 . 0 0 0 3
S 1 0 . 0 0 3 6 5 7 0 . 0 0 3 6 5 7 0 . 9 8 0 . 3 7 8 0
E e S 2 0 . 2 7 7 7 4 5 0 . 1 3 8 8 7 2 3 7 . 1 5 0 . 0 0 2 6
O e S 1 0 . 0 0 1 5 5 6 0 . 0 0 1 5 5 6 0 . 4 2 0 . 5 5 3 9
E ~ ( O ~ + S 2 0 . 0 0 7 7 7 7 0 . 0 0 3 8 8 9 1 . 0 4 0 . 4 3 2 7
W ( E ~ . 0 ~ S ) 4 0 . 0 1 4 9 5 1 0 . 0 0 3 7 3 8 1 . 6 5 0 . 2 1 0 3
0 4 0 . 9 9 4 1 4 2 0 . 2 4 8 5 3 6 1 7 . 5 2 0 . 0 0 0 1
6 ) 4 0 8 0 . 9 5 5 5 5 5 0 . 1 1 9 4 4 4 8 . 4 7 0 . 0 0 0 2
0 D 4 0 . 0 2 2 1 2 8 0 . 0 0 5 5 3 2 0 . 3 9 0 . 6 1 1 3
E 4 0 4 D 8 0 . 1 8 9 6 9 3 0 . 0 2 3 7 1 2 1 . 5 8 0 . 1 7 9 2
E 4 0 4 0 ) 1 5 0 . 2 2 5 7 3 8 0 . 0 1 4 1 0 9 6 . 2 3 0 . 0 0 0 3
E 2 0 . 1 7 6 3 9 6 0 . 0 8 8 1 9 8 3 . 1 0 0 . 1 5 3 8
0 1 0 . 0 0 1 2 8 6 0 . 0 0 1 2 8 6 0 . 0 5 0 . 8 4 2 0
E 0 2 0 . 1 1 3 6 1 9 0 . 0 5 6 8 0 9 2 . 0 0 0 . 2 5 0 4
W ( E w 0 ) 4 0 . 1 1 3 8 0 4 0 . 0 2 8 4 5 1 4 . 7 4 0 . 0 1 0 2
S 1 0 . 2 7 3 2 5 9 0 . 2 7 3 2 5 9 1 3 2 . 1 4 0 . 0 0 0 3
E W S 2 0 . 2 8 5 3 8 8 0 . 1 4 3 1 9 4 6 9 . 2 5 0 . ~ 0 0 0 8
0 S 1 . 0 . 0 2 9 2 3 2 0 . 0 2 9 2 3 2 1 4 . 1 4 0 . 0 i 9 8
E N O M S 2 0 . 0 1 9 6 6 3 0 . 0 0 9 8 3 2 4 . 7 5 0 . 0 8 7 7
W ( E W D N S ) 4 0 . 0 0 8 2 7 2 0 . 0 0 2 0 6 8 0 . 3 4 0 . 8 4 3 7
D 4 0 . 9 1 0 7 5 7 0 . 2 2 7 6 8 9 9 . 1 9 0 . 0 0 0 5
E D 8 0 . 3 2 0 6 5 5 0 . 0 4 0 0 8 2 1 . 6 2 0 . 1 9 6 3
0 D 4 0 . 0 5 1 4 4 2 0 . 0 1 2 8 6 0 0 . 5 2 0 . 7 2 2 9
E N O D 8 0 . 3 9 7 2 1 3 0 . 0 4 9 6 5 2 2 . 0 0 0 . 1 1 2 6
W ( 6 0 ’ e D ) 1 6 0 . 3 9 6 3 3 7 0 . 0 2 4 7 7 1 4 . 1 3 0 . 0 0 3 6
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T A B L E 1 : ~ n a l y s i ~ o f v a r i a n c e .
E N E R G Y D I 5 P E R 5 I V E 5 P E C T R O 5 C O P Y X - R A Y M I C R O A N A I Y 5 I 5
J i m E u n
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
A n o v e r v i e w o r E n e r g y D i s p e r s i v e S p e c t r o s c o p y ( E D S )
X - r a y m i c r o a n a l y s i s i s p r e s e n t e d w i t h a t t e n t i o n t o
a r t i f a c t s p r e s e n t i n t h e X — r a y s p e c t r u m , s u c h a s t h e
B r e m s s t r a h l u n g , s u m p e a k s , a n d s i l i c o n e s c a p e p e a k s .
S a m p l e s p e c t r a o b t a i n e d f r o m A l o n S i , C u o n 5 1 , a n d
P i T f e r r o e l e c t r i c f i l m s d e m o n s t r a t e d t h e c a p a b i l i t y
o f o b t a i n i n g q u a l i t a t i v e e l e m e n t a l c o m p o s i t i o n . T h e
e l e m e n t a l s p a t i a l d i s t r i b u t i o n , o r t h e X — r a y m a p p i n g .
c a p a b i l i t y w a s a l s o d e m o n s t r a t e d u t i l i z i n g a s p e c i a l
a l l o y s a m p l e .
I N T R O D U C T I O N
D u r i n g t h e p a s t s e v e r a l y e a r s , a r e m a r k a b l e g r o w t h h a s t a k e n p l a c e i n t h e
a p p l i c a t i o n s o f a n a l y t i c a l i m a g i n g i n s t r u m e n t s , s u c h a s S c a n n i n g E l e c t r o n
M i c r o s c o p e s ( S E M ) a n d T r a n s m i s s i o n E l e c t r o n M i c r o s c o p e s ( T E M ) , t o s u p p o r t
p r o c e s s d e v e l o p m e n t a c t i v i t i e s i n t h e s e m i c o n d u c t o r i n d u s t r y . A m o n g t h e s e
t e c h n i q u e s , X — r a y m i c r o a n a l y s i s h a s e m e r g e d a s o n e o r t h e m o s t v a l u a b l e
a n d e s s e n t i a l t o o l s .
X - r a y m i c r o a n a l y s i s i n v o l v e s t h e i d e n t i f i c a t i o n o f t h e X - r a y s e m i t t e d
f r o m a s p e c i m e n e x c i t e d b y a n e l e c t r o n b e a m . T h e a n a l y s i s c a n b e
a c c o m p l i s h e d b y e i t h e r o f t w o t e c h n i q u e s ; E n e r g y D i s p e r s i v e S p e c t r o s c o p y
( E D S ) o r W a v e l e n g t h D i s p e r s i v e S p e c t r o s c o p y ( W D S ) . I n E D 5 , X — r a y s e m i t t e d
f r o m t h e s a m p l e a r e d i s c r i m i n a t e d b a s e d o n t h e i r e n e r g y l e v e l . F o r W D S ,
d i f f r a c t i n g c r y s t a l s p e c t r o m e t e r s a r e u s e d t o s e l e c t t h e p a r t i c u l a r X - r a y
w a v e l e n g t h o f i n t e r e s t . T a b l e 1 l i s t s s o m e o r t h e a d v a n t a g e s a n d
d i s a d v a n t a g e s o f e a c h t e c h n i q u e , I n g e n e r a l , W D S i s t h e m e t h o d o f c h o i c e
w h e n q u a n t i t a t i v e i d e n t i f i c a t i o n o f e l e m e n t s i s t h e p r i n c i p a l g o a l o r a n
i n v e s t i g a t i o n d u e t o i t s a b i l i t y t o h i g h l y r e s o l v e w a v e l e n g t h . O n t h e o t h e r
h a n d , E D S i s t h e m e t h o d o f c h o i c e w h e n q u a l i t a t i v e a n a l y s i s i s r e q u i r e d i n
m i n i m a l t i m e .
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A d v a n t a g e s
L e s s e x p e n s i v e .
H i g h e f f i c i e n c y .
F a s t q u a l i t a t i v e a n a l y s i s .
A n a l y z e a l l e l e m e n t s
s i m u l t a n e o u s l y
W D S H i g h s p e c t r a l r e s o l u t i o n .
L o w b a c k g r o u n d .
G o o d q u a n t i t a t i v e a n a l y s i s .
G o o d l i g h t e l e m e n t
d e t e c t i o n .
D i s a d v a n t a g e s
R e s o l u t i o n l i m i t .
S p e c t r a l a r t i f a c t s .
H i g h b a c k g r o u n d .
P o o r l i g h t e l e m e n t
d e t e c t i o n ( Z < l 1 ) .
S l o w q u a l i t a t i v e a n a l y s i s .
L O W e f f i c i e n c y .
E x p e n s i v e & c o m p l e x .
A n a l y z e o n e e l e m e n t a t
a t i m e .
T a b l e I : E D S v s W D S .
F i g u r e 1 i l l u s t r a t e s t h e p h e n o m e n O n o f x — r a y g e n e r a t i o n i n a n a t o m u p o n
e l e c t r o n b e a m e x c i t a t i o n , l i t h e b e a m e n e r g y i ~ s u f f i c i e n t , i n n e r s h e l l
e l e c t r o n s m a y a b s o r b t h e e n e r g y a n d b e p h o t o - e m i t t e d . 8 e c a u s e e l e c t r o n s
t e n d t o o c c u p y t h e l o w e s t a v a i l a b l e e n e r g y s t a t e , a n o u t e r s h e l l e l e c t r o n
m a y r e l a x t o f i l l t h e v a c a n c y i n t h e l o w e r s h e l l b y r e l e a s i n g a p h o t o n o f
e n e r g y e q u a l t o t h e d i f f e r e n c e b e t w e e n i t s i n i t i a l a n d f i n a l s t a t e s . I f t h e
e n e r g y i s l a r g e e n o u g h , t h e p h o t o n i s i n t h e X - r a y r e g i m e .
F i g u r e 1 : X — r a y g e n e r a t i o n .
T w o i m p o r t a n t p o i n t s m u s t b e r e c o g n i z e d f r o m t h e a b o v e p r o c e s s . F i r s t ,
f o r a l i x e d e l e c t r o n a c c e l e r a t i o n p o t e n t ~ i a l , t h e L t o K t r a n s i t i o n ( K a l p h a ) i s
m o r e p r o b a b l e t h a n t h e M t o K t r a n s i s t l o n ( K b e t a ) . T h e r e f o r e , K a l p h a
r a d i a t i o n 0 1 a c h o s e n e l e m e n t i s a l w a y s m o r e i n t e n s e t h a n K b e t a r a d i a t i o n .
E m p i r i c a l l y , i t h a s b e e n f o u n d t h a t K b e t a i n t e n s i t y i s a p p r o x i m a t e l y 1 0 % o f
t h e K a i p h a , t h e L b e t a i s a p p r o x i m a t e l y 7 0 % o f t h e L a i p h a , a n d t h e M b e t a i s
a p p r o x i m a t e l y 6 0 % o f t h e M a l p h a [ i i . T h e s e c o n d i m p o r t a n t p o i n t i s t h a t t h e
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c l o s e r t h e f i n a l e n e r g y s t a t e i s t o t h e n u c l e u s o f t h e a t o m , t h e h i g h e r t h e
e n e r g y o f t h e e m i t t e d X - r a y s w i l l b e f o r a n e l e c t r o n r e l a x i n g f r o m a g i v e n
i n i t i a l s t a t e . . T h e r e f o r e , o n e s h o u l d e x p e c t t o s e e a s e r i e s o f K X - r a y s a t
h i g h e r e n e r g y l o c a t i o n s t h a n a s e r i e s o f L o r M X - r a y s . F i g u r e 2 i l l u s t r a t e s
t r ~ e s e p o i n t s .
g
~ N m I s t ~ h 1 u n g ~ E ~
F i g u r e 2 : X - r a y s p e c t r u m .
F i g u r e 2 a l s o i l l u s t r a t e s s o m e a r t i f a c t s w h i c h m u s t b e c o n s i d e r e d .
T h e r e i s a s e c o n d t y p e o f X - r a y g e n e r a t i o n t h a t o c c u r s d u e t o t h e e l e c t r o n
d e c e l e r a t i o n w i t h i n t h e m a t e r i a l . T h e s e a r e n o n — c h a r a c t e r i s t i c X — r a y s
b e c a u s e t h e i r e n e r g i e s a r e i n d e p e n d e n t o f t h e t a r g e t m a t e r i a l . T h i s t y p e o f
r a d i a t i o n s p e c t r u m i s c a l l e d B r e m s s t r a h l u n g , a n d i t c o n s t i t u t e s b a c k g r o u n d
n o i s e w h i c h c a n r e p r e s e n t a s i g n i f i c a n t p o r t i o n o f a n X - r a y s p e c t r u m .
B e c a u s e B r e m s s t r a h l u n g o c c u r s o v e r a l a r g e p o r t i o n o f a n X - r a y s p e c t r u m ,
t h e i d e n t i f i c a t i o n o f l o w i n t e n s i t y c h a r a c t e r i s t i c X - r a y p e a k s b e c o m e s v e r y
d i f f i c u l t , h e n c e l i m i t i n g t h e s e n s i t i v i t y o f a n E D S s y s t e m .
O t h e r a r t i f a c t s a s s o c i a t e d w i t h E D S t e c h n i q u e a r e p u l s e p i l e - u p p e a k s
a n d S i e s c a p e p e a k s . A p i l e — u p p e a k o c c u r s w h e n m u l t i p l e X — r a y p h o t o n s
r e a c h t h e d e t e c t o r a t t h e s a m e t i m e , a n d t h e p u l s e p r o c e s s i n g e l e c t r o n i c s
e r r o n e o u s l y r e c o r d t h e s u m o f t h e i r e n e r g i e s r a t h e r t h a n i n d i v i d u a l l y . T h i s
r e s u l t s i n a p e a k a t t w i c e t h e e n e r g y o f t h e m a i n e l e m e n t a l p e a k . A s i l i c o n
e s c a p e p e a k o c c u r s w h e n a n X — r a y s t r i k e s t h e d e t e c t o r ( a s p e c i a l S i d i o d e )
a n d g e n e r a t e s S i K a l p h a X - r a y s ( w i t h a n e n e r g y o f 1 . 7 4 K e y ) i n t h e d e t e c t o r .
F o r t h e m o s t p a r t , t h e s e X - r a y s a r e r e a b s o r b e d b y t h e d e t e c t o r s o t h a t t h e
s i g n a l f r o m t h e d e t e c t o r r e p r e s e n t s t h e e n e r g y o f t h e s p e c i m e n X - r a y .
H o w e v e r , t h e r e i s a f i n i t e p r o b a b i l i t y t h a t S i K a l p h a X - r a y s m i g h t e s c a p e
t h e d e t e c t o r , t h u s r e d u c i n g t h e s p e c i m e n X - r a y b y 1 . 7 4 K e y . F o r e x a m p l e ,
L b . t e
t h ~ e
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w h e n C u K a i p h a X - r a y s w i t h 8 . 0 4 K e y e n e r g y r e a c h t h e d e t e c t o r , t h e y w i l l
p r o d u c e a c h a r a c t e r i s t i c p e a k a t 8 . 0 4 K e y a n d a n e s c a p e p e a k a t 6 . 3 0 K e y
( 8 . 0 4 - 1 . 7 4 K e y ) . I n p r i n c i p l e , 5 1 K b e t a X — r a y p h o t o n s w i t h t h e e n e r g y o f
1 . 8 3 2 K e y c o u l d a l s o e s c a p e t h e d e t e c t o r . H o w e v e r , t h e p r o b a b i l i t y f o r
K b e t a f o r m a t i o n i s s o l o w t h a t i t i s r a r e l y d e t e c t e d [ 2 1 .
T h e c r i t i c a l i s s u e c o n c e r n i n g t h e s e a r t i f a c t p e a k s i s t h a t p i l e — u p p e a k s
a n d S i e s c a p e p e a k s m a y b e c o m e m i s a s s i g n e d p e a k s , w h i c h s h o u l d h a v e b e e n
a p a r t o f t h e m a i n e l e m e n t a l p e a k , T h e r e f o r e , i t i s v i t a l n o t t o m i s t a k e n l y
i d e n t i f y p i l e — u p a n d e s c a p e p e a k s a s o t h e r e l e m e n t a l p e a k s .
A n o t h e r c o m m o n e r r o r i s m i s i n t e r p r e t a t i o n o f c o m p o s i t i o n d u e t o t h e
l o w l a t e r a l r e s o l u t i o n o f E D S . L o o k i n g a t t h e i d e a l c a s e d e p i c t e d ‘ I n F i g u r e 3 ,
i t i s d e s i r a b l e t o h a v e t h e b e a m — s a m p l e i n t e r a c t i o n v o l u m e n a r r o w s u c h
t h a t X - r a y g e n e r a t i o n i s c o n f i n e d t o o n l y m a t e r i a l 2 . H o w e v e r , i n a r e a l
s i t u a t i o n , e l e c t r o n s i n t e r a c t w i t h t h e m a t r i x o f a m a t e r i a l , p r o d u c i n g a
m u c h l a r g e r v o l u m e o f i n t e r a c t i o n . A s a r e s u l t , t h e c o l l e c t e d X — r a y
s p e c t r u m w i l l c o n t a i n X — r a y s p e r t a i n i n g t o b o t h m a t e r i a l s 1 a n d 2 .
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F I g u r e 3 : 5 e c o n d a r y e l e c t r o n e m i s s i o n .
T h e r e a r e s e v e r a l p a r a m e t e r s i n E D S a n a l y s i s t h a t c a n b e o p t i m i z e d i n
o r d e r t o o b t a i n m o r e a c c u r a t e r e s u l t s . T w o S E M p a r a m e t e r s a r e t h e e l e c t r o n
a c c e l e r a t i o n p o t e n t i a l a n d e l e c t r o n b e a m c u r r e n t . 6 e n e r a l l y , t h e
a c c e l e r a t i n g p o t e n t i a l o f t h ~ e l e c t r o n s m u s t e x c e e d t h e c r i t i c a l e x c i t a t i o n
e n e r g y - - a s p e c i f i c e n e r g y r e q u i r e m e n t n e c e s s a r y t o e x c i t e a g i v e n X - r a y
l i n e - — o f t h e t a r g e t e l e t h e n t b y a f a c t o r o f 1 . 5 t o 3 i n o r d e r t o e f f i c i e n t l y
p r o d u c e a n X - r a y . T h e a c c e l e r a t i n g p o t e n t i a l t h a t i s t o o l o w r e d u c e s t h e
i n t e n s i t y o f t h e c h a r a c t e r i s t i c p e a k s . B e c a u s e t h e b e a m - s a m p l e i n t e r a c t i o n
v o l u m e i s p r o p o r t i o n a l t o t h e a c c e l e r a t i n g p o t e n t i a l o f t h e e l e c t r o n s , t h e
a c c e r e l a t i n g p o t e n t i a l t h a t i s t o o h i g h d e g r a d e s t h e l a t e r a l r e s o l u t i o n d u e t o
t h e i n c r e a s e i n s e c o n d a r y e l e c t r o n g e n e r a t i o n . T h e e l e c t r o n b e a m c u r r e n t i s
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u s u a l l y s e l e c t e d t o p r o d u c e a s u i t a b l e X — r a y c o u n t r a t e o f a r o u n d 3 0 0 0
c o u n t s p e r s e c o n d [ 3 ) . l I t h e b e a m c u r r e n t i s t o o l o w , t h e c o l l e c t e d
s p e c t r u m w i l l b e s t a t i s t i c a l l y u n s a f e . I f t h e b e a m c u r r e n t i s t o o h i g h , i t
t e n d s t o i n c r e a s e t h e a r t i f a c t s , s u c h a s t h e s u m p e a k s a n d S i e s c a p e p e a k s .
O n c e t h e S E M p a r a m e t e r s a r e p r o p e r l y a d j u s t e d , t w o g e o m e t r i c
p a r a m e t e r s m a y b e a d j u s t e d t o i m p r o v e t h e c o l l e c t o r e f f i c i e n c y . T h e s e a r e
t h e s o l i d a n g l e ( S A ) a n d t h e t a k e — o f f a n g l e ( T O A ) . A s s h o w n i n F i g u r e 4 , i t
i s d e s i r a b l e t o h a v e t h e S A r e l a t i v e l y h i g h s i n c e a l a r g e r S A c o r r e s p o n d s t o
m o r e X — r a y s d e t e c t e d . T h e f l i ~ h 5 A c a n b e a c h i e v e d b y r e d u c i n g t h e w o r k i n g
d i s t a n c e o f t h e S E M . T h e T O A i s s h o w n i n F i g u r e 5 , w h e r e a T O A o f 3 5 o r
g r e a t e r i s r e c o m m e n d e d i n o r d e r t o i n c r e a s e t h e c o l l e c t o r e f f i c i e n c y . T h i s
i s b e c a u s e t h e i n t e n s i t y o f X — r a y s i s d e p e n d e n t o n t h e a n g l e a t w h i c h t h e y
l e a v e t h e s a m p l e .
F i g u r e 4 : S A .
i n t h i s p r o j e c t , q u a l i t a t i v e E D S a n a l y s i s w a s e x p l o r e d t o l a y a
g r o u n d w o r k f o r f u t u r e s t u d i e s u t i l i z i n g t h e K e v e x X — r a y E D S s y s t e m a t
R . I . T .
E X P E R I M E N T
T h r e e s a m p l e s w e r e p r e p a r e d f o r E D S q u a l i t a t i v e a n a l y s i s : A l o n S i , C u o n
S i , a n d a P Z T f e r r o e l e c t r i c f i l m o n S i . A p p r o x i m a t e l y 0 . 4 u m o r A l w a s
t h e r m a l l y e v a p o r a t e d o n a S i w a f e r u s i n g r e s i s t i v e h e a t i n g a n d p a t t e r n e d
I n t o l i n e s a n d s p a c e s . S i m i l a r l y , a p p r o x i m a t e l y 1 . 7 u r n o f C u w a s d e p o s i t e d
o n a S i w a l e r , b u t n o t p a t t e r n e d . T h e P Z T f i l m w a s p r e p a r e d b y a S o l — g e l
p r o c e s s a n d s p u n o n t o a 5 1 w a f e r t o f o r m a p p r o x i m a t e l y 0 . 1 m i c r o n f i l m .
=
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F i g u r e 5 : T O A .
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A L i n k X — r a y E D S s y s t e m a t t a c h e d t o a C a m b r i d g e S E M w a s u s e d t o
p e r f o r m t h e E D S q u a l i t a t i v e a n a l y s i s o n t h e t h r e e s a m p l e s d e s c r i b e d a b o v e .
A P G T X - r a y E D S s y s t e m a t t a c h e d t o a H i t a c h i 5 - 4 0 0 0 S E M w a s a l s o u t i l i z e d
t o p e r t o r r r i s o m e o f t h e m o r e a d v a n c e d E D S q u a l i t a t i v e a n a l y s i s , n a m e l y
X — r a y m a p p i n g , u s i n g a n a l l o y m a t e r i a l t h a t w a s s p e c i a l l y p r e p a r e d f o r s u c h
a n a l y s i s .
R E S U L T 5 / D I S C U S S I O N
F i g u r e 6 i s t h e X - r a y s p e c t r u m o b t a i n e d f r o m t h e A l o n S i s a m p l e . A s
e x p e c t e d , t h i s X - r a y s p e c t r u m c o n t a i n s t h e A l a n d S i c h a r a c t e r i s t i c p e a k s .
A l s o , n o t i c e t h a t a s m a l l a m o u n t o f S a n d C l w a s d e t e c t e d . I t i s p o s s i b l e
t h a t t h e s e c o n t a m i n a n t s a r e f r o m t h e e t c h i n g s o l u t i o n u s e d t o p a t t e r n t h e A l
l a y e r , a n d t h i s s h o u l d b e f u r t h e r i n v e s t i g a t e d . F i g u r e 7 i s t h e X — r a y
s p e c t r u m o f t h e C u o n S i s a m p l e , a n d i t c l e a r l y i l l u s t r a t e s t h e C u
c h a r a c t e r i s t i c p e a k s . H o w e v e r , n o t i c e t h a t a l t h o u g h t h e C u l a y e r w a s n o t
p a t t e r n e d , t h e u n d e r l y i n g S i s u b s t r a t e i s d e t e c t e d . T h i s i s d u e t o t h e
s c a t t e r i n g e f f e c t w h e r e e l e c t r o n s p e n e t r a t e d a l l t h e w a y t h r o u g h t h e C u
l a y e r a n d r e a c h e d t h e S i s u b s t r a t e . , F i g u r e 8 i s t h e X — r a y s p e c t r u m o f t h e
P Z T f e r r o e l e c t r i c f i l m , w h i c h d i s p l a y s t h e P b , Z r , a n d T i c h a r a c t e r i s t i c
p e a k s . A g a i n , n o t i c e t h a t t h e s p e c t r u m c o n t a i n s a S i p e a k d u e t o t h e
s c a t t e r i n g e f f e c t . H o w e v e r , t h e i n t e n s i t y o f t h i s S i p e a k i s m u c h h i g h e r
t h a n t h a t o f t h e S i p e a k f r o m t h e C u — S i s a m p l e s p e c t r u m , b e c a u s e t h e P Z T
f i l m i s o n l y a b o u t 0 . 1 m i c r o n t h i c k ( a s o p p o s e t o 1 . 0 m i c r o n o f C u ) .
X — R A Y : 0 — 2 0 k e V
L i v e : 2 0 0 s P r e s e t : 2 0 0 s R e m a i n i n g : O s
R e a l : 2 0 9 s ~ D e a d
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2 . 3 2 3 k e U ~ + . 9 >
F S 1 K c h 1 2 6 = ~ 2 c t s
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F i g u r e 6 : P a t t e r n e d A l o n S i . F i g u r e 7 : C u o n S i .
X — R A Y : 0 — 2 0 k e t )
L i v e : 1 2 6 s P r e s e t : 2 0 0 s R e m a i n i n g : 7 ~ s
R e a l : 1 3 6 s 7 ~ D e a d
~ ~ ~ $ r ~ - ~
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X — R A Y : 0 — 2 0 k e U
L I v e 2 0 0 s P r e s e t : 2 0 0 s R e m a i n i n g : O s
R e a U 2 2 1 s . 1 0 ~ D e a d
b
~ ~ J i J . ~ L
< . 8 1 1 . 0 8 3 k e V
F S = 4 K c h 5 6 4 = 8 7 ~ t s
M E M I :
F i g u r e 8 : P i T .
F i g u r e c i s t h e X - r a y m a p p i n g o b t a i n e d f r o m a s p e c i a l a l l o y . I t c l e a r l y
d i s p l a y s t h e s p a t i a l d i s t r i b u t i o n o f a l l t h e e l e m e n t s p r e s e n t i n t h i s a l l o y .
F i g u r e 9 : X — r a y m a p p i n g .
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A n o v e r v i e w o f E D S q u a l i t a t i v e X — r a y m i c r o a n a l y s i s w a s p r e s e n t e d w i t h
e m p h a s i s o n s o m e o f t h e a r t i f a c t s p r e s e n t i n a n E D S s y s t e m , s u c h a s
B r e m s s t r a h l u n g , s u m p e a k s , a n d S i e s c a p e p e a k s . A l s o , s o m e o f t h e s y s t e m
p a r a m e t e r s , s u c h a s t h e S A , T O A , e l e c t r o n a c c e l e r a t i o n p o t e n t i a l , a n d b e a m
c u r r e n t , w e r e d i s c u s s e d i n o r d e r t o r e d u c e t h e a r t i f a c t s a n d t o o b t a i n b e t t e r
r e s u l t s . ~ y o b t a i n i n g t h e X — r a y s p e c t r a o f a v a r i e t y o f s a m p l e s , t h e
q u a l i t a t i v e e l e m e n t a l i d e n t i f i c a t i o n c a p a b i l i t y o f a n E D S s y s t e m w a s
d e m o n s t r a t e d . S o m e o f t h e m o r e a d v a n c e d q u a l i t a t i v e a n a l y s i s , s u c h a s X
r a y m a p p i n g , w a s a l s o d e m o n s t r a t e d u s i n g a s p e c i a l a l l o y .
A C K N O W L E D G M E N T S
I w o u l d l i k e t o t h a n k P r o f e s s o r M i k e J a c k s o n a n d P r o f e s s o r R i c h a r d L a n e
f o r t h e i r c o n t r i b u t i o n t o t h i s p r o j e c t , I w o u l d e s p e c i a l l y l i k e t o t h a n k P a u l
8 a l l e n t l n e o r C V C P r o d u c t s I n c . , R o c h e s t e r , N Y , f o r u s e o r t h e i r L i n k E D S
s y s t e m . I w o u l d a l s o l i k e t o t h a n k S t e v e W i l s o n o r I ~ M A S T C , E a s t F i s h k i l l ,
N Y f o r a l l o w i n g m e t o u s e t h e i r P G T E D S s y s t e m s a n d p r o v i d i n g t h e a l l o y
s a m p l e f o r X - r a y r n a p p l n g .
R E F E R E N C E S
[ 1 1 U . I . O o l d s t e l n , S c a n n i n g E l e c t r o n M i c r o s c o p y a n d X — r a y M i c r o a n a l y s i s ,
( P l e n u m P r e s s , N e w Y o r k , 1 9 8 1 ) , p . 2 1 3 .
[ 2 1 M . T . P o s t e k , S c a n n i n g E l e c t r o n M i c r o s c o D y : A S t u d e n t ’ s H a n d b o o k ,
( L a d d R e s e a r c h I n d u s t r i e s , I n c . , N e w Y o r k , 1 9 8 0 ) , p . 9 5 .
[ 3 ] E . R . L e v i n , S c a n n i n g E l e c t r o n M i c r o s c o o y , ( S c a n n i n g E l e c t r o n M i c r o s c o p y
m c , N e w Y o r k , 1 9 8 6 ) , p 7 2
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I a n D a v i d F i n k
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
A s o f t w a r e s y s t e m f o r p r e p a r i n g d a t a f o r
e - b e a m m a s k m a k i n g c a l l e d C o m p u t e r A i d e d
T r a n s c r i p t i o n S o f t w a r e i s d e s c r i b e d . I n
o r d e r t o a p p r e c i a t e i t s c a p a b i l i t i e s , a n
o v e r v i e w o f w r i t i n g r e q u i r e m e n t s f o r a M E B E S
I e - b e a m t o o l a r e g i v e n . S a m p l e f i l e s a n d
s o f t w a r e o u t p u t a r e p r o v i d e d t o i l l u s t r a t e
t h e c o n c e p t s .
I N T R O D U C T I O N
T h e m e t h o d o f c h o i c e f o r m a s k a n d r e t i c l e m a k i n g f o r h i g h
d e n s i t y V L S I a p p l i c a t i o n s i s e l e c t r o n b e a m l i t h o g r a p h y , d u e t o
i t s h i g h r e s o l u t i o n c a p a b i l i t i e s . E - b e a m l i t h o g r a p h y c a n r e s o l v e
m i n i m u m m a s k d i m e n s i o n s i n t h e O . D u m r a n g e . ~ s e c o n d a d v a n t a g e
i s t h e e a s e w i t h w h i c h m a s k a n d r e t i c l e p a t t e r n s c a n b e m o d i f i e d
t o s u p p o r t c h a n g e s i n c i r c u i t l a y o u t s . T h i s i s d u e t o t h e e x t e n t
o f c o m p u t e r c o n t r o l t h e s e s y s t e m s e x h i b i t . T h e s e a d v a n t a g e s h a v e
o u t w e i g h e d d r a w b a c k s s u c h a s r e d u c e d t h r o u g h p u t a n d i n c r e a s e d
c o s t , m a k i n g e - b e a m t h e d o m i n a n t m a s k m a k i n g t o o l .
W r i t i n g p a t t e r n s u s i n g e l e c t r o n - b e a m i s c o n t r o l l e d t h o u g h a
c o m p u t e r t h a t i s t i e d t o t h e t o o l . T h e c o m p u t e r d e t e r m i n e s t h e
e l e c t r o n b e a m c h a r a c t e r i s t i c s ( d i a m e t e r , c u r r e n t , e t c . . . ) , a s
w e l l a s t h e m o v e m e n t o f t h e b e a m a n d / o r s t a g e . I n o r d e r t o w r i t e
a p a t t e r n , t h e e l e c t r o n b e a m m u s t b e s c a n n e d a c r o s s t h e s u b s t r a t e
e x p o s i n g a l l r e q u i r e d a r e a s . T h e t w o p r o m i n e n t w r i t i n g
s t r a t e g i e s f o r e - b e a m l i t h o g r a p h y a r e r a s t e r s c a n n i n g a n d v e c t o r
s c a n n i n g . R a s t e r s c a n n i n g i n v o l v e s c o n t i n u o u s m o v e m e n t o f b o t h
t h e s t a g e a n d t h e b e a m t o c o v e r t h e e n t i r e s u b s t r a t e . T y p i c a l l y ,
t h e s t a g e i s m o v e d b a c k a n d f o r t h i n t h e x - d i r e c t i o n u n d e r t h e
e — b e a m , w h i c h i s s c a n n i n g i n t h e y - d i r e c t i o n a t a h i g h f r e q u e n c y .
B e t w e e n t h e m o v e m e n t o f t h e s t a g e a n d d e f l e c t i o n o f t h e e - b e a m ,
t h e e n t i r e f i e l d o f t h e r e t i c l e i s s c a n n e d . C o n v e r s e l y , a s y s t e m
u s i n g a w r i t i n g s t r a t e g y b a s e d o n v e c t o r s c a n n i n g w o u l d n o t s c a n
a l l a r e a s o f t h e s u b s t r a t e . T h e s t a g e p o s i t i o n s t h e s u b s t r a t e
a n d t h e b e a m i s d e f l e c t e d , i n b o t h t h e x a n d y d i r e c t i o n , t o t h e
a r e a s t o b e e x p o s e d . O n c e a l l p a t t e r n s w i t h i n t h e b e a m ’ s
d e f e c t i o n r a n g e h a v e b e e n e x p o s e d , t h e s t a g e m o v e s t o t h e n e x t
z o n e , a n d t h e e x p o s u r e p r o c e s i s r e p e a t e d .
~ p a t t e r n t o b e w r i t t e n u s i n g r a s t e r s c a n n i n g i s d i v i d e d
i n t o s t r i p e s , t h e h e i g h t o f w h i c h a r e d e t e r m i n e d b y t h e a m o u n t o f
b e a m d e f l e c t i o n . T h e s e s t r i p e s a r e e x p o s e d a n d a b u t t e d t o g e t h e r
a s t h e s u b s t r a t e t r a v e r s e s u n d e r t h e b e a m i n a s e r i e s o f p a s s e s
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a s s h o w n i n F i g u r e 1 ( a ) . T h e a c t u a l p a t t e r n t o b e e x p o s e d m u s t
b e ‘ f r a c t u r e d ’ i n t o g e o m e t r i c s h a p e s w h i c h c a n b e e x p o s e d
i n d i v i d u a l l y b y t h e s c a n n i n g b e a m . T h e s e s h a p e s a r e u s u a l l y
t r a p e z o i d s w h i c h a p p r o x i m a t e t h e o r i g i n a l l a y o u t a s c l o s e l y a s
p o s s i b l e . V e c t o r s c a n n i n g a l s o r e q u i r e s a f r a c t u r e d p a t t e r n
a p p r o x i m a t e d b y t r a p e z o i d s . H o w e v e r , i n s t e a d o f e x p o s i n g t h e s e
s h a p e s a s t h e y a p p e a r i n a s e r i e s o f s t r i p e s , t h e b e a m m o v e s i n a
v e c t o r d i r e c t i o n f r o m o n e t r a p e z o i d t o t h e n e x t . T h e s e s h a p e s
a r e s y s t e m a t i c a l l y f i l l e d i n a s s h o w n i n F i g u r e 1 ( b ) . T h e
i n f o r m a t i o n a p p r o x i m a t i n g t h e l a y o u t w i t h t r a p e z o i d s i s s t o r e d i n
a ‘ P a t t e r n F i l e ’ . T h i s f i l e i s u s e d b y t h e e - b e a m c o m p u t e r t o
w r i t e t h e p a t t e r n .
F i g u r e 1 ( a ) : R a s t e r S c a n n i n g . ( b ) : V e c t o r S c a n n i n g .
T h e t r a p e z o i d s i n t h e p a t t e r n f i l e c o n f o r m t o a s p e c i f i e d
f r a c t u r e g r i d . T h i s f r a c t u r e g r i d s e r v e s t h e s a m e p u r p o s e a s a
r e s o l u t i o n g r i d i n C ~ D c i r c u i t l a y o u t s ; t o d e f i n e t h e m i n i m u m
f e a t u r e s i z e . ~ l l t r a p e z o i d s i z e s a r e m u l t i p l e s o f t h e s p e c i f i e d
f r a c t u r e g r i d s t r u c t u r e . I t i s e x t r e m e l y a d v a n t a g e o u s t o h a v e
t h e f r a c t u r e g r i d b e t h e s a m e a s t h e r e s o l u t i o n g r i d t h a t w a s
u s e d t o o r i g i n a l l y l a y o u t t h e d e s i g n . T h i s f a c i l i t a t e s t h e e r r o r
f r e e c o n s t r u c t i o n o f t h e f r a c t u r e d p a t t e r n .
B o t h r a s t e r a n d v e c t o r s c a n n i n g r e q u i r e t h e e l e c t r o n b e a m t o
b e b l a n k e d f r o m t h e p h o t o r e s i s t o v e r a r e a s w h i c h a r e n o t t o b e
e x p o s e d . B e a m b l a n k i n g i s m o s t o f t e n p e r f o r m e d b y t w o p l a t e s
n e a r t h e e l e c t r o n s o u r c e a t t h e t o p o f t h e e l e c t r o - o p t i c a l
c o l u m n . ~ s t r o n g p o s i t i v e p o t e n t i a l i s a p p l i e d t o o n e p l a t e
w h i l e a s t r o n g n e g a t i v e p o t e n t i a l i s g i v e n t o t h e o p p o s i t e p l a t e
a s t h e b e a m p a s s e s o v e r a r e a s w h i c h a r e n o t t o b e e x p o s e d . T h e
e - b e a m i s t h e n d e f l e c t e d f r o m r e a c h i n g t h e s u b s t r a t e a n d e x p o s i n g
t h e r e s i s t a s i t t r a v e l s b e t w e e n t h e s e p l a t e s w h e n t h e y a r e
c h a r g e d .
R I T h a s r e c e n t l y a c q u i r e d a E T E C M E B E S I e - b e a m s y s t e m .
M E B E S u s e s t h e r a s t e r s c a n m e t h o d , a n d h a s t h e c a p a c i t y t o w r i t e
r e t i c l e s a n d m a s k s , a s w e l l a s , d i r e c t l y t o d e v i c e w a f e r s . ~
f i l e , c a l l e d a j o b d e c k , s p e c i f i e s t h e s i z e o f t h e s u b s t r a t e , a s
w e l l a s t h e d i m e n s i o n a n d p o s i t i o n o f t h e a r r a y t o b e w r i t t e n .
T h e j o b d e c k r e f e r e n c e s p a t t e r n f i l e s w h i c h c o n t a i n t h e f r a c t u r e d
l a y o u t d a t a . I n M E B E S f o r m a t s i x v a l u e s a r e n e e d e t o s p e c i f y a
t r a p e z o i d : x , y , d e l t a x l , d e l t a x 2 , h , 1 . T h e s e p a r a m e t e r s a r e
d e f i n e d f o r a n a r b i t r a r y t r a p e z o i d i n F i g u r e 2 ( a ) . ~ n e x a m p l e
o f h o w a M E B E S p a t t e r n f i l e r e p r e s e n t s a g e n e r a l s h a p e i s g i v e n
o n F i g u r e 2 ( b ) .
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F i g u r e 2 ( a ) : M E B E S T r a p e z o i d . . ( b ) : F r a c t u r e d P a t t e r n .
T h e p r o c e s s o f f r a c t u r i n g c i r c u i t l a y o u t s a n d c o m p i l i n g t h e m
i n t o p a t t e r n f i l e s r e q u i r e s v e r y c o m p l e x s o f t w a r e . T h e f a c t t h a t
c i r c u i t l a y o u t s a r e s t o r e d i n s t a n d a r d f i l e s , w h i c h m a y b e i n
a n y o n e o f s e v e r a l f o r m a t s ( C I F , G D S ~ I I , e t c . . . ) , m a k e s a
v e r s a t i l e s o f t w a r e p a c k a g e , c a p a b l e o f d e c i p h e r i n g t h e s e v a r i o u s
f i l e s , e s s e n t i a l . C o m p u t e r ~ i d e d T r a n s c r i p t i o n S o f t w a r e ( C A T S )
i s a p o w e r f u l s o f t w a r e p a c k a g e t h a t c a n t a k e m o s t c o m m o n l a y o u t
f o r m a t s , f r a c t u r e t h e l a y o u t , a n d c r e a t e o u t p u t f i l e s c o m p a t i b l e
w i t h a n e q u a l l y i m p r e s s i v e n u m b e r o f m a s k g e n e r a t i o n t o o l s ,
i n c l u d i n g M E B E S . . T h i s p r o j e c t i n v o l v e d i m p l e m e n t i n g C A T S i n t o
t h e m a s k m a k i n g p r o c e s s a t R I T .
C A T S P ~ T R I T
C A T S w a s i n s t a l l e d o n b o t h t h e Y ~ X m a i n f r a m e s y s t e m a n d a
Y ~ X s t a t i o n 3 1 0 0 D E C w o r k s t a t i O n . T h e m a i n f r a m e t e r m i n a l w a s
u t i l i z e d t o a c q u i r e a n d p r e p a r e c i r c u i t l a y o u t f i l e s t o b e
e n t e r e d i n t o t h e m a i n C A T S p r o g r a m . T h e a c t u a l C A T S p r o g r a m u s e d
t o c r e a t e f r a c t u r e d p a t t e r n f i l e s w a s l o c a t e d o n t h e w o r k s t a t i O r ~
t e r m i n a l d u e t o t h e n e e d f o r h i g h r e s o l u t i o n g r a p h i c s c a p a b i l i t y .
F e a t u r e s o f C A T S i n c l u d e m e t h o d s o f p r o d u c i n g f r a c t u r e d
p a t t e r n f i l e s a n d v e r i f y i n g t h e m a g a i n s t t h e o r i g i n a l l a y o u t .
C i r c u i t l a y o u t s m a y a l s o b e s c a l e d , b i a s e d , o r r e o r i e n t e d a b o u t a
s p e c i f i e d o r i g i n p r i o r t o f i n a l l y f r a c t u r i n g t h e l a y o u t t o
p r o d u c e t h e d e s i r e d p a t t e r n f i l e . H e a l i n g f u n c t i o n s w h i c h r e d u c e
t h e o c c u r r e n c e o f e r r o r s i n f r a c t u r e d d e s i g n s d u e t o d i f f e r e n c e s
b e t w e e n t h e f r a c t u r e g r i d a n d o r i g i n a l d e s i g n g r i d , a r e a n o t h e r
i m p o r t a n t a s p e c t o f C P i T S . T h e s e f e a t u r e s o f t h e s o f t w a r e w e r e
t e s t e d t o v e r i f y t h e C A T S ’ u t i l i t y t o t h e R I T m a s k m a k i n g
p r o c e s s .
~ s e c o n d i m p o r t a n t a s p e c t o f C A T S s o f t w a r e i s i t s a b i l i t y t o
c o n s t r u c t M E B E S j o b d e c k f i l e s t o r e f e r e n c e p a t t e r n s a n d s p e c i f y
t h e a r r a y o f d i e t o b e w r i t t e n . T h i s f u n c t i o n o f t h e s o f t w a r e
w a s a l s o t e s t e d . A m a s k w a s w r i t t e n w i t h t h e M E B E S u s i n g b o t h a
j o b d e c k a n d p a t t e r n f i l e s c r e a t e d u s i n g C A T S a s a t r u e t e s t o f
t h e s o f t w a r e ’ s p e r f o r m a n c e .
D ’ i g i n ( x y ) — ~ —
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U s i n g C A T S , a l l f o r m s o f C ~ D c i r c u i t l a y o u t f i l e s
e n c o u n t e r e d a t R I T w e r e s u c c e s s f u l l y f r a c t u r e d i n t o M E B E S p a t t e r n
f i l e s w i t h o n l y m i n o r d i f f i c u l t i e s . T h e i n t e g r a t e d c i r c u i t
e d i t o r ( I C E ) a t R I T i s a n i n h o u s e C ~ D t o o l u s e d t o c r e a t e
c i r c u i t l a y o u t s . T h i s p r o g r a m s a v e s l a y o u t s i n C I F f o r m a t , a n d
w a s t h e s o u r c e o f s o m e d i f f i c u l t i e s . W h i l e a t t e m p t i n g t o e n t e r a
s t a n d a r d R I T N M D S c e l l l a y o u t p r o d u c e d o n I C E i n t o C A T S , i t w a s
f o u n d t h a t t h e o u t p u t f i l e s p r o d u c e d b y I C E d i d n o t f o l l o w t h e
C I F c o n v e n t i o n f o r d e f i n i n g b o x e s . I C E C I F f i l e s h a d t h e o r d e r
o f b o x p o s i t i o n a n d b o x s i z e s w i t c h e d . T h e s e f i l e s h a d t o b e
e d i t e d t o d e f i n e t h e o r i g i n o f t h e b o x f i r s t , f o l l o w e d b y t h e
h e i g h t a n d w i d t h . O n c e t h e I C E C I F f i l e s w e r e c o r r e c t e d , t h e y
w e r e e n t e r e d i n t o C A T S a n d f r a c t u r e d w i t h o u t a n y p r o b l e m s . I n
a d d i t i o n , C ~ i T S w a s s u c c e s s f u l l y u s e d t o s c a l e a n d o r i e n t l a y o u t s
p r o d u c e d o n I C E p r i o r t o f r a c t u r i n g a s d e s i r e d .
L a y o u t s c o n s t r u c t e d w i t h M e n t o r G r a p h i c s o n t h e ~ p o l l o
s y s t e m a t R I T c a n b e s a v e d i n e i t h e r C I F o r 6 D B - I l f o r m a t . ~
t e s t l a y o u t f o r m u l t i - c h i p m o d u l e r e s e a r c h , d e s i g n e d a t R I T o n
t h e ~ p o l l o , w a s s e n t t o t h e V ~ X m a i n f r a m e a s a C I F f i l e , a n d w a s
s u c c e s s f u l l y e n t e r e d i n t o C A T S a n d f r a c t u r e d t o a p a t t e r n f i l e .
S e v e r a l o t h e r f i l e s f r o m o u t s i d e s o u r c e s , i n c l u d i n g a t e s t
p a t t e r n f r o m K D D ~ K u s e d f o r f o c u s / e x p o s u r e c h a r a c t e r i z a t i o n o f
l i t h o g r a p h y t o o l s , w e r e e n t e r e d i n t o C A T S f r o m m a g n e t i c t a p e .
T h e C ~ D t o o l s u s e d t o c r e a t e t h e s e l a y o u t s w a s u n k n o w n , b u t
b e c a u s e t h e y w e r e s t o r e d i n s t a n d a r d 6 D B - I l f o r m a t t h e y w e r e
f r a c t u r e d w i t h o u t a n y p r o b l e m s . W i t h C A T S , t h e K D D ~ K l a y o u t w a s
s c a l e d f i v e t i m e s p r i o r t o f r a c t u r i n g f o r u s e a s a 5 X r e t i c l e .
T h i s a l s o c o n f i r m e d t h e m o d i f i c a t i o n o f l a y o u t s u s i n g C A T S .
T h e a b i l i t y o f C A T S t o ‘ h e a l ’ f i l e s a n d e l i m i n a t e f l a w s i n
t h e f r a c t u r e d p a t t e r n , d u e t o d i f f e r e n c e s b e t w e e n t h e r e s o l u t i o n
g r i d o f t h e d e s i g n l a y o u t a n d t h e f r a c t u r e g r i d u s e d t o p r o d u c e
t h e p a t t e r n f i l e , w a s s h o w n t o b e v e r y e f f e c t i v e . F i g u r e 3
s h o w s a s e c t i o n o f a l a y o u t e x h i b i t i n g s o m e o f t h e p a t t e r n f l a w s
w h i c h m a y o c c u r . T h e v o i d s a n d o v e r l a p p i n g a r e d u e t o t h e
f r a c t u r e g r i d n o t b e i n g a m u l t i p l e o f t h e o r i g i n a l d e s i g n g r i d .
T h e f i g u r e s w e r e f o r c e d t o s n a p t o t h e f r a c t u r e g r i d c a u s i n g
p a t t e r n d i s t o r t i o n a n d f l a w s . T h e m u l t i - c h i p m o d u l e t e s t l a y o u t
c o n s i s t e d o f m e a n d e r i n g m e t a l p a t h s . T h e s e p a t h s h a d v o i d s w h e n
f r a c t u r e d w i t h o u t C A T S h e a l i n g f u n c t i o n s a c t i v a t e d , b u t h a d n o
e r r o r s w h e n t h e h e a l i n g f u n c t i o n s w e r e a c t i v a t e d .
F i g u r e 3 : P o s s i b l e e r r o r s i n f r a c t u r e d p a t t e r n w i t h o u t h e a l i n g ~ .
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E v e n w i t h p a t t e r n h e a l i n g , f r a c t u r e d p a t t e r n f i l e s c a n
d i f f e r f r o m t h e l a y o u t f r o m w h i c h t h e y w e r e p r o d u c e d b e c a u s e t h e
t r a p e z o i d s i n t h e p a t t e r n f i l e o n l y a p p r o x i m a t e t h e d e s i g n
l a y o u t . F o r m o r e c o m p l e x s h a p e s , t h i s a p p r o x i m a t i o n i s f a r f r o m
p e r f e c t , a n d i t i s t h e r e f o r e i m p o r t a n t t o k n o w w e r e t h e f r a c t u r e d
p a t t e r n d e v i a t e s f r o m t h e o r i g i n a l l a y o u t . T h i s p r o c e s s i s
c a l l e d p a t t e r n v e r i f i c a t i o n .
F r a c t u r e d p a t t e r n f i l e s w e r e v e r i f i e d a g a i n s t t h e o r i g i n a l
l a y o u t u s i n g t h e c o m p a r e f u n c t i o n w i t h i n C A T S . T h i s f u n c t i o n
c o m p a r e s t h e f r a c t u r e d p a t t e r n f i l e w i t h t h e i n p u t d e s i g n l a y o u t
f i l e , a n d c r e a t e s a t h i r d f i l e d i s p l a y i n g a l l d i f f e r e n c e s .
F i g u r e 4 ( a ) s h o w s a f o c u s s t a r f r o m t h e K O D c ~ K l a y o u t . F i g u r e
4 ( b ) s h o w s t h e f o c u s s t a r p a t t e r n f r a c t u r e d u s i n g C c ~ T S . ~ r e a s
o f t h e l a y o u t n o t p e r f e c t l y r e p r o d u c e d b y t h e f r a c t u r e d p a t t e r n
a r e s h o w n i n F i g u r e 4 ( c ) .
~ ~ ~ P f 1 ’ ~ ~ O U ? l l u 7 n r
h t _ U _ J L J ~ . . . _ . . . _ . . a
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I I 1 7 1 ~ f l f l
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U I . I . = = I . ~ * ~ = - . w , — L ” . = ~ u I J y / J / J f l l l l l l l ~ I w ~ i
F i g u r e 4 ( a ) : L a y o u t . ( b ) : F r a c t u r e d P a t t e r n .
( c ) : D i f f e r e n c e s .
C A T S w a s a l s o u s e d t o p r o d u c e j o b d e c k s f o r t h e M E B E S .
D e c k s w e r e c o n s t r u c t e d f o r a 5 X r e t i c l e u s i n g t h e K O D A K p a t t e r n
f i l e , a s w e l l a s a 4 i n c h m a s k u s i n g a f r a c t u r e d p a t t e r n o f a
l a y o u t f r o m O c c i d e n t a l C h e m i c a l . F i g u r e 5 s h o w s t h e O c c i d e n t a l
C h e m i c a l C o r p m a s k w i t h t h e a r r a y d e f i n e d . F o r e a c h c h i p i n t h e
a r r a y t h e C A T S p a t t e r n f i l e i s r e f e r e n c e d a n d w r i t t e n a t t h a t
s i t e . T h e f i n a l p h a s e o f t h e p r o j e c t w a s t o a c t u a l l y w r i t e t h e
m a s k u s i n g t h e j o b d e c k a n d p a t t e r n f i l e c r e a t e d . T h i s w a s d o n e
s u c c e s s f u l l y , c o n f i r m i n g t h a t C A T S c a n b e u s e d f o r a l l p h a s e s o f
p r e p a r i n g a d e s i g n l a y o u t t o b e w r i t t e n a s a m a s k p a t t e r n .
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F i g u r e 5 : M E B E S J o b D e c k a r r a y s p e c i f i c a t i o n .
C O N C L U S I O N S
C A T S s o f t w a r e w a s u s e d t o i n t e g r a t e t h e p r o c e s s e s o f
m o d i f y i n g a n d f r a c t u r i n g a d e s i g n l a y o u t t o p r o d u c e a M E B E S
p a t t e r n f i l e , p a t t e r n f i l e v e r i f i c a t i o n t o d e t e r m i n e d i f f e r e n c e s
b e t w e e n t h e p a t t e r n f i l e a n d o r i g i n a l l a y o u t , a n d c r e a t i n g j o b
d e c k s t o d e f i n e t h e a r r a y t o b e w r i t t e n w i t h t h e M E B E S . T h i s
i n t e g r a t i o n a l l o w s C A T S t o p r o v i d e a s t a n d a r d m e t h o d t o p r e p a r e
d e s i g n l a y o u t s f o r m a s k m a k i n g . B e c a u s e t h e p o w e r a n d u s e f u l n e s s
o f C A T S w a s d e m o n s t r a t e d t h i s s o f t w a r e w i l l c o n t i n u e t o p l a y a n
i n c r e a s i n g r o l e i n t h e m a s k m a k i n g p r o c e s s a t R I T .
~ C K N O W L E D G M E N T S
S p e c i a l t h a n k s t o B r u c e S m i t h o f t h e R I T M i c r o e l e c t r o n i c s
f a c u l t y , M a r k T r e m b l e y a t t h e R I T C o m p u t e r U s e r C e n t e r , a n d T o d d
P e g e l o w a t T r a n s c r i p t i o n E n t e r p r i s e s L T D .
R E F E R E N C E S
[ 1 ] C A T S C o m m a n d R e f e r e n c e M a n u a l . T r a n s c r i p t i o n E n t e r p r i s e s
L T D . 1 9 9 0 .
E 2 ] M E B E S S o f t w a r e R e f e r e n c e M a n u a l . P e r k i n E l m e r .
[ 3 ] D . J . E l l i o t , I n t e g r a t e d C i r c u i t M a s k T e c h n o l o g y ,
( M c G r a w H i l l B o o k C o . , N e w Y o r k , 1 9 8 5 ) , p p 1 1 0 - 1 2 2 .
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A D R M S T U D Y O F M I C R O P O S I T S A L 6 O 3 R E S I S T
I N D E V E L O P E R S O F D I F F E R E N T N O R M A L I T Y
K i m b e r l y A . G u g g e m o s
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
M i c r o p o s i t S A L 6 O 3 , a n e g a t i v e w o r k i n g
c h e m i c a l l y a m p l i f i e d e l e c t r o n b e a m r e s i s t ,
w a s s t u d i e d f o r f o u r d e v e l o p e r s o f d i f f e r e n t
n o r m a l i t y : M i c r o p o s i t M F 3 2 2 ( 0 . 2 6 6 N ) , M F 3 2 1
( 0 . 2 1 0 N ) , M F 3 2 0 ( 0 . 2 5 5 N ) , o r M F 3 1 9 ( 0 . 2 3 7
N ) . W a f e r s w e r e e x p o s e d t o c r e a t e e i g h t
r e g i o n s , e a c h w i t h i n c r e m e n t a l l y i n c r e a s i n g
e x p o s u r e . D e v e l o p m e n t i n e a c h o f t h e e i g h t
z o n e s w a s m o n i t o r e d s i m u l t a n e o u s l y w i t h a
P e r k i n E l m e r 5 9 0 0 D e v e l o p m e n t R a t e M o n i t o r
( D R M ) . I n c r e a s e d d e v e l o p e r n o r m a l i t y w a s
s h o w n t o i n c r e a s e d e v e l o p m e n t r a t e a n d
p h o t o r e s i s t c o n t r a s t , b u t d e c r e a s e d
s e n s i t i v i t y .
I N T R O D U C T I O N
P r e v i o u s l y , c o m m e r c i a l l y a v a i l a b l e n e g a t i v e e - b e a m r e s i s t s
( s u c h a s C O P a n d E P B ) e x h i b i t e d s e n s i t i v i t i e s b e l o w l u C / c m 2 , b u t
s u f f e r e d f r o m s w e l l i n g d u r i n g d e v e l o p m e n t , w h i c h s e v e r e l y l i m i t e d
t h e i r r e s o l u t i o n c a p a b i l i t i e s [ 1 ] . R e c e n t l y d e v e l o p e d , t h r e e
c o m p o n e n t n e g a t i v e c h e m i c a l l y a m p l i f i e d r e s i s t s h a v e s h o w n
s e n s i t i v i t i e s , ( d e f i n e d a s t h e d o s e r e s u l t i n g i n 9 0 ~ t h i c k n e s s
r e t e n t i o n ) , a s l o w a s 1 . 5 u C / c m 2 a n d c o n t r a s t v a l u e s a s h i g h a s 7
o r 8 [ 2 , 3 , 4 ] . I n a d d i t i o n , t h e s e r e s i s t s a r e d e v e l o p a b l e i n
a q u e o u s d e v e l o p e r s , a n d , t h e r e f o r e , d o n o t s u f f e r f r o m s w e l l i n g
p r o b l e m s . R e s o l u t i o n c a p a b i l i t e s o f 0 . 1 u m o r l e s s h a v e b e e n
r e p o r t e d [ 2 , 4 ] . A s d e v i c e d i m e n s i o n s c o n t i n u e t o s h r i n k w e l l
i n t o t h e s u b m i c r o n r a n g e , t h e a b i l i t y t o p r o d u c e i m a g e s w i t h
t h e s e c h a r a c t e r i s t i c s i s v i t a l t o t h e f u t u r e p r o g r e s s o f t h e
s e m i c o n d u c t o r i n d u s t r y . T h e r e f o r e i t i s c r i t i c a l t o d e v e l o p a n d
c h a r a c t e r i z e e - b e a m r e s i s t s t h a t c a n p r o d u c e h i g h q u a l i t y , h i g h
r e s o l u t i o n i m a g e s .
M i c r o p o s i t S A L 6 O 3 r e s i s t i s a c h e m i c a l l y a m p l i f i e d n e g a t i v e
e — b e a m r e s i s t c o n s i s t i n g o f t h r e e c o m p o n e n t s : a n o v o l a k r e s i n , a
m e l a m i n e c r o s s l i n k i n g a g e n t , a n d a p h o t o a c i d g e n e r a t o r . I n a
c o n v e n t i o n a l n e g a t i v e r e s i s t , o n e u n i t o f e x p o s u r e e n e r g y r e s u l t s
i m m e d i a t e l y i n o n e p h o t o c h e m i c a l c r o s s l i n k i n g r e a c t i o n . W h e n
S A L 6 O 3 i s e x p o s e d t o e l e c t r o n b e a m r a d i a t i o n , t h e p h o t o a c i d
g e n e r a t o r a b s o r b s t h e i n c i d e n t e n e r g y a n d u n d e r g o e s a r e a c t i o n
w h i c h p r o d u c e s a s m a l l a m o u n t o f a s t r o n g a c i d [ 4 ] . A p o s t
e x p o s u r e b a k e ( P E B ) i s r e q u i r e d i n o r d e r t o i n d u c e c r o s s l i n k i n g
i n t h e e x p o s e d r e g i o n s . T h e P E B p r o v i d e s t h e r m a l e n e r g y f o r t h e
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a c i d c a t a l y z e d b o n d i n g r e a c t i o n b e t w e e n t h e c r o s s l i n k i n g a g e n t
a n d t h e n o v o l a k r e s i n , w h i c h t h e r e b y r e n d e r s e x p o s e d r e g i o n s
i n s o l u b l e i n t h e d e v e l o p e r . P ~ n a c i d c a t a l y s t m o l e c u l e i s
r e l e a s e d a t t h e e n d o f e a c h c r o s s l i n k i n g r e a c t i o n , s o e a c h a c i d
m o l e c u l e i s a b l e t o i n d u c e m a n y c r o s s l i n k i n g b o n d s . T h u s , f o r
c h e m i c a l l y a m p l i f i e d r e s i s t s , o n e u n i t o f e x p o s u r e e n e r g y l e a d s
t o m o r e t h a n o n e c r o s s l i n k i n g r e a c t i o n . T h i s t y p e o f r e a c t i o n i s
s h o w n i n F i g u r e 1 [ 5 ] .
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F i g u r e 1 : E x p o s u r e c h e m i s t r y o f S P ~ L 6 O 3 .
I n r e g i o n s i m m e d i a t e l y s u r r o u n d i n g h i g h l y c r o s s l i n k e d a r e a s ,
o r r e g i o n s r e c e i v i n g l o w e x p o s u r e d o s e , t h e r e s i s t w i l l e x h i b i t
v a r y i n q d e g r e e s o f c r o s s l i n k i n g . I n t h e a r e a s o f p a r t i a l l y
c r o s s l i n k e d r e s i s t , t h e s o l u b i l i t y i n t h e d e v e l o p e r i s r e d u c e d ,
b u t n o t e l i m i n a t e d . T h i s c o n d i t i o n o c c u r s b e c a u s e t h e r e i s a n
i n s u f f i c i e n t a m o u n t o f a c i d c a t a l y s t p r e s e n t t o f u l l y c r o s s l i n k
t h e r e s i s t . D e p e n d i n g o n t h e d e v e l o p m e n t c o n d i t i o n s , t h e f i n a l
r e s i s t i m a g e c a n b e a l t e r e d c o n s i d e r a b l y . I f t h e d e v e l o p e r i s
u n a b l e t o d i s s o l v e t h e p a r t i a l l y c r o s s l i n k e d m a t e r i a l a r o u n d t h e
p e r i m e t e r o f h i g h l y c r o s s l i n k e d r e g i o n s , l i n e w i d t h s w i l l b e
i n c r e a s e d . N a r r o w e r l i n e w i d t h s w i l l b e p r o d u c e d w h e n u s i n g a
h i g h l y a c t i v e d e v e l o p e r , o r w h e n d e v e l o p i n g f o r a l o n g e r p e r i o d
o f t i m e . E i t h e r e n h a n c e d d e v e l o p m e n t m e t h o d w i l l r e s u l t i n t h e
r e m o v a l o f s o m e o r a l l o f t h e i n c o m p l e t e l y c r o s s l i n k e d r e s i s t .
T h e d i f f e r e n c e i n t h e a g g r e s s i v e n e s s o f d e v e l o p e r s i s
q u a n t i f i e d i n a f a c t o r c a l l e d t h e n o r m a l i t y , w h i c h i n d i c a t e s t h e
r e l a t i v e a l k a l i n i t y o f t h e d e v e l o p e r . T h e h i g h e r t h e n o r m a l i t y ,
t h e m o r e a g g r e s s i v e t h e d e v e l o p e r i s , a n d t h e h i g h e r t h e
d i s s o l u t i o n r a t e o f t h e r e s i s t [ 6 ] . Q u a n t i t a t i v e l y , n o r m a l i t y i s
d e f i n e d a s f o l l o w s [ 7 ] :
N u m b e r o f a v a i l a b l e m o l e s o f 0 H
N o r m a l i t y ( 1 )
l i t e r o f s o l u t i o n
B e c a u s e t h e d i s s o l u t i o n r a t e c h a n g e s w i t h d e v e l o p e r n o r m a l i t y ,
r e s i s t c h a r a c t e r i s t i c s s u c h a s s e n s i t i v i t y a n d c o n t r a s t w i l l b e
a l t e r e d a s w e l l . B y m o n i t o r i n g t h e d e v e l o p m e n t o f a p a r t i a l l y
c r o s s l i n k e d r e g i o n c a u s e d b y a l o w e x p o s u r e d o s e , t h e d e v e l o p m e n t
r a t e v s . r e m a i n i n g t h i c k n e s s c a n b e d e t e r m i n e d f o r t h e e x p o s u r e
d o s e u s e d i n t h a t r e g i o n . F r o m t h i s d a t a , c h a n g e s i n c o n t r a s t
a n d s e n s i t i v i t y c a n b e d e t e r m i n e d .
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T h i s w o r k e x a m i n e d M i c r o p o s i t S ~ L 6 0 3 r e s i s t i n a q u e o u s
d e v e l o p e r s o f d i f f e r e n t n o r m a l i t y . R e l a t i o n s h i p s b e t w e e n
n o r m a l i t y a n d p h o t o r e s i s t p a r a m e t e r s i n c l u d i n g s e n s i t i v i t y a n d
c o n t r a s t w e r e d e t e r m i n e d f o r M i c r o p o s i t M F 3 2 2 ( 0 . 2 6 8 N ) , M F 3 2 1
( 0 . 2 1 0 N ) , M F 3 2 0 ( 0 . 2 5 5 N ) , o r M F 3 1 9 ( 0 . 2 3 7 N ) d e v e l o p e r s .
E X P E R I M E N T
T h e e x p o s u r e t o o l a v a i l a b l e w a s a M E B E S I w i t h a n
a c c e l e r a t i n g p o t e n t i a l o f 1 0 K e Y . T h e r e c o m m e n d e d r e s i s t
t h i c k n e s s f o r w r i t i n g i n t h e s e c o n d i t i o n s w a s 0 . 5 u m . P r i o r t o
t h e d e v e l o p e r n o r m a l i t y s t u d y , t h i c k n e s s v s . s p i n s p e e d d a t a f o r
S ~ L 6 0 3 i n 1 6 ~ s o l i d h a d t o b e d e t e r m i n e d . F o u r i n c h s i l i c o n
w a f e r s w e r e h a n d c o a t e d o n a s p i n n e r c a l i b r a t e d w i t h a s t r o b e
l i g h t a t s p e e d s r a n g i n g f r o m 1 5 0 0 t o 5 0 0 0 r p m . T h i c k n e s s
m e a s u r e m e n t s w e r e m a d e a f t e r a 1 m i n u t e 1 0 5 C p r e b a k e o n a v a c u u m
h o t p l a t e u s i n g a n i n d e x o f r e f r a c t i o n f o r t h e r e s i s t o f 1 . 6 6
d e t e r m i n e d b y e l l i p s o m e t r y . T h e 0 . 5 u m t h i c k n e s s w a s n o t
o b t a i n a b l e , e x c e p t a t s p i n s p e e d s l e s s t h e n 2 0 0 0 r p m , w h i c h r e s u l t
i n t h i c k n e s s n o n u n i f o r m i t y a c r o s s t h e w a f e r . T h e r e f o r e , 3 0 0 0 r p m
w a s c h o s e n b e c a u s e i t p r o v i d e d a r e a s o n a b l y t h i c k l a y e r ( 0 . 4 u m )
w h i l e s t i l l e n s u r i n g u n i f o r m c o a t i n g t h i c k n e s s .
F o r t h e d e v e l o p e r n o r m a l i t y s t u d y , f o u r i n c h s i l i c o n w a f e r s
w i t h B 0 0 0 ~ o f o x i d e w e r e p r e p a r e d f o r e x p o s u r e o n t h e M E B E S I . ~
P e r k i n E l m e r 5 9 0 0 D e v e l o p m e n t R a t e M o n i t o r ( D R M ) w a s u t i l i z e d f o r
d a t a c o l l e c t i o n a n d a n a l y s i s . I n o r d e r t o o b t a i n t h e d a t a u s i n g
t h e D R M , a n e x p o s u r e p a t t e r n o f b o x e s r e c e i v i n g i n c r e m e n t a l l y
i n c r e a s i n g e x p o s u r e d o s e h a d t o b e p r o d u c e d h o r i z o n t a l l y a c r o s s
t h e c e n t e r o f t h e w a f e r ( f l a t a t t h e b o t t o m ) . P e r k i r i E l m e r
s u g g e s t s t h e o v e r a l l s i z e o f t h e e x p o s u r e a r r a y b e a t l e a s t 5 c m
l o n g b y 1 c m h i g h . T h e a r r a y o f e i g h t 5 m m x 2 0 m m b o x e s s h o w n i n
F i g u r e 2 w a s u s e d f o r t h e s t u d y . T h e e x p o s u r e s r a n g e d f r o m
0 . 5 u C / c m 2 i n b o x 1 t o 4 . O u C / c m 2 i n b o x 8 i n 0 . 5 u C / c m 2 s t e p s . T h e
w a f e r s w e r e d e v e l o p e d i n 1 o f t h e 4 a b o v e m e n t i o n e d n o r m a l i t i e s .
D a t a a n a l y s i s w a s p e r f o r m e d w i t h D r e a m s , t h e s o f t w a r e s y s t e m
a c c o m p a n y i n g t h e D R M . R e l a t i o n s h i p s b e t w e e n d e v e l o p e r n o r m a l i t y
a n d p a r a m e t e r s i n c l u d i n g c o n t r a s t , s e n s i t i v i t y a n d d e v e l o p m e n t
r a t e w e r e d e t e r m i n e d .
R E S U L T S / D I S C U S S I O N
T h e D R M u s e s i n t e r f e r o m e t r i c a n a l y s i s w i t h a H e - N e l a s e r
( l a m b d a z 6 3 2 8 ~ ) t o c h a r a c t e r i z e t h e d e v e l o p m e n t . T h e d a t a
c o n s i s t e d o f t h e r e f l e c t e d i n t e n s i t y a s a f u n c t i o n o f t i m e i n t h e
d e v e l o p e r . S i n c e t h e r e s i s t t h i c k n e s s i s c h a n g i n g , a s i n u s o i d a l
i n t e n s i t y s i g n a l r e s u l t s , c o r r e s p o n d i n g t o t h e c o n s t r u c t i v e a n d
d e s t r u c t i v e i n t e r f e r e n c e . F o r t h e 1 6 ~ s o l i d s f i l m , l i t t l e
t h i c k n e s s l o s s ( < 1 0 0 0 ~ ) p r e v e n t e d t h e a q u i s i t i o n o f a n a l y z a b l e
d a t a . T h e r e f o r e , a 2 9 ~ s o l i d s m i x t u r e o f S ~ L 6 0 3 w a s u s e d f o r t h e
r e s t o f t h e s t u d y . T h e t h i c k n e s s v s . s p i n s p e e d r e l a t i o n s h i p
w a s o b t a i n e d f o r t h e 2 9 ~ s o l i d s r e s i s t i n t h e s a m e m a n n e r • a s f o r
t h e 1 6 ~ s o l i d s , a n d b o t h a r e s h o w n i n F i g u r e 3 .
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F i g u r e 2 : E x p o s u r e P a t t e r n .
F i g u r e 3 : T h i c k n e s s v s . S p i n S p e e d D a t a .
B e c a u s e a m u c h t h i c k e r r e s i s t l a y e r c o u l d b e o b t a i n e d w i t h
t h e 2 9 ~ s o l i d s r e s i s t , a s p i n s p e e d o f 6 0 0 0 R P M w a s c h o s e n t o
p r o v i d e a l a y e r t h a t w o u l d e x p e r i e n c e a d e q u a t e t h i c k n e s s l o s s f o r
a n a l y s i s w i t h t h e D R M , y e t t h i n e n o u g h t o a l l o w e x p o s u r e t h r o u g h
t h e f u l l l a y e r o f r e s i s t . N o o t h e r w a f e r p r e p a r a t i o n p r o c e s s e s
w e r e c h a n g e d .
T h e r e l a t i o n s h i p b e t w e e n d e v e l o p e r n o r m a l i t y a n d
d i s s o l u t i o n r a t e f o r a 0 . 6 8 u C / c m 2 e x p o s u r e d o s e ) a f t e r 1 5 m m o f
d e v e l o p m e n t i s s h o w n i n F i g u r e 4 . P ~ s e x p e c t e d , t h e d e v e l o p e r s
s h o w e d t h e r e l a t i o n s h i p o f i n c r e a s i n g d e v e l o p m e n t r a t e w i t h
i n c r e a s i n g n o r m a l i t y , w i t h M F 3 2 2 ( 0 . 2 6 8 N ) c l e a r l y h a v i n g a m u c h
h i g h e r d e v e l o p m e n t r a t e t h a n t h e o t h e r d e v e l o p e r s , I n f a c t , i t
w a s t h e o n l y d e v e l o p e r t o c o m p l e t e l y c l e a r . M F 3 2 1 ( 0 . 2 1 0 N ) h a s
t h e l o w e s t n o r m a l i t y o f t h o s e s t u d i e d , a n d i t o n l y r e m o v e d 3 2 ~ o f
t h e i n i t i a l r e s i s t t h i c k n e s s .
U ,
> < ~
U -
I 2 0 ~ I 0 6 1 6
I 2 3 ~ 1 5 5 7 8
S p L r ~ S p e o d 1 R P M )
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S e n s t t ~ v L t U C u r v e s f o r F o u r D e v e l . o o e r s
0 . 2 0 8 H , 0 . 2 5 5 H , 0 . Z 3 7 H , 0 . 2 1 0 H
F i g u r e 4 : E f f e c t o f D e v e l o p e r
N o r m a l i t y o n D e v e l o p m e n t
R a t e
F i g u r e 5 : E f f e c t o f D e v e l o p e r
N o r m a l i t y o n S e n s i t i v i t y
C u r v e s
D e v e l o p e r n o r m a l i t y a l s o a f f e c t s t h e c o n t r a s t a n d
s e n s i t i v i t y o f S ~ L 6 0 3 . F i g u r e 5 s h o w s a c o m p a r i s o n o f t h e
n o r m a l i z e d t h i c k n e s s v s . l o g e x p o s u r e c u r v e s f o r a l l f o u r
d e v e l o p e r s a f t e r f o u r m i n u t e s o f d e v e l o p m e n t . I t i s s e e n t h a t
i n c r e a s i n g d e v e l o p e r n o r m a l i t y r e s u l t e d i n h i g h e r c o n t r a s t
( c a l c u l a t e d b y f i n d i n g t h e s l o p e o f t h e c u r v e a t z e r o r e m a i n i n g
t h i c k n e s s ) , a n d l o w e r s e n s i t i v i t y ( t h e d o s e r e q u i r e d f o r 9 0 ~
t h i c k n e s s r e t e n t i o n ) . S e n s i t i v i t y , c o n t r a s t , a n d d e v e l o p m e n t
r a t e v a l u e s f o r e a c h d e v e l o p e r a r e s u m m a r i z e d i n T a b l e 1 .
T a b l e 1 : T a b u l a t e d r e s u l t s o f c o n t r a s t a n d s e n s i t i v i t y
N o r m a l i t y D e v e l o p e r
0 . 2 1 0 M F 3 2 1
0 . 2 3 7 M F 3 1 9
0 . 2 5 5 M F 3 2 0
0 . 2 6 8 M F 3 2 2
* i ~ f t e r f o u r m i n u t e s o f d e v e l o p m e n t .
* * ( c ~ / s e c ) P ~ t 0 . 8 o f n o r m a l i z e d t h i c k n e s s r e m a i n i n g .
T h e s e n s i t i v i t y r e l a t i o n s h i p s u p p o r t s t h e f i n d i n g s o f
F e d y n s h y n e t a l . i n t h e i r w o r k w i t h S ~ L 6 0 5 [ 4 ] . H i g h e r c o n t r a s t
i s a c h i e v e d w i t h h i g h e r n o r m a l i t y r e s i s t s b e c a u s e m o r e o f t h e
p a r t i a l l y c r o s s l i n k e d r e s i s t i s r e m o v e d d u r i n g d e v e l o p m e n t w i t h a
h i g h e r n o r m a l i t y d e v e l o p e r , s o t h a t o n l y t h e m o s t h i g h l y
c r o s s l i n k e d r e s i s t w i l l r e m a i n a f t e r d e v e l o p m e n t .
F i g u r e 6 s h o w s t h e s e n s i t i v i t y c u r v e s o f S ~ L 6 0 3 r e s i s t a f t e r
d e v e l o p m e n t i n M F 3 2 2 d e v e l o p e r f o r 1 , 2 , 4 , a n d 1 5 m i n u t e s . T h i s
c u r v e s h o w s t h a t a l o n g e r d e v e l o p e n t t i m e r e s u l t s i n d e c r e a s e d
s e n s i t i v i t y a n d i n c r e a s e d c o n t r a s t . T h e d i f f e r e n c e 1 1 a d d i t i o n a l
m i n u t e s o f d e v e l o p m e n t c a u s e s b e t w e e n t h e s e n s i t i v i t y c u r v e s f o r
t h e 4 a n d 1 5 m i n u t e d e v e l o p m e n t t i m e s i s s m a l l c o m p a r e d t o t h e
c h a n g e o n e m i n u t e c r e a t e s i n t h e c u r v e s f o r 1 a n d 2 m i n u t e s o f
d e v e l o p m e n t . T h i s s h o w s t h a t t h e r e i s w i d e p r o c e s s l a t i t u d e
a v a i l a b l e d u r i n g d e v e l o p e n t w i t h S ~ L 6 0 3 r e s i s t a f t e r 4 m i n u t e s .
O L e s o L u t i o n R o t e v s . T h L c l ~ n e s s
D . v . L o p . r s ~ t F 3 2 2 1 1 3 1 9 t F 3 2 0 ~ f 3 2 L
C o n t r a s t * S e n s i t i v i t y * D e v R a t e * *
1 . 8 3 0 . 8 6 6
2 . 6 6 1 . 1 4 1 2
3 . 4 3 1 . 6 8 2 2
4 . 1 9 1 . 7 4 4 8
4 9
~ + ‘ ~ L + ~ ~ f o r 1 ~ 3 2 2 ~ e v e L c o e
C O N C L U S I O N S
T h e f i n a l i m a g e c r e a t e d w i t h M i c r o p o s i t S A L 6 O 3 r e s i s t w a s
s h o w n t o b e v e r y s e n s i t i v e t o c h a n g e s i n d e v e l o p m e n t c o n d i t i o n s .
S e n s i t i v i t y w a s s h o w n t o d e c r e a s e f r o m 0 . 8 6 u C / c m 2 t o 1 . 7 4 u C / c m 2
w i t h i n c r e a s i n g d e v e l o p e r n o r m a l i t y . C o n t r a s t , h o w e v e r ,
i n c r e a s e d w i t h n o r m a l i t y . T h e c o n t r a s t v a l u e m o r e t h a n d o u b l e d
f r o m 1 . 8 3 t o 4 . 1 9 f o r a c h a n g e i n d e v e l o p e r n o r m a l i t y f r o m 0 . 2 1 0
N t o 0 . 2 6 8 N . D e v e l o p m e n t r a t e a l s o i n c r e a s e d w i t h n o r m a l i t y .
I n c r e a s i n g d e v e l o p m e n t t i m e w a s s h o w n t o h a v e a n i d e n t i c a l e f f e c t
o n t h e d e v e l o p m e n t c h a r a c t e r i s t i c s a s i n c r e a s i n g n o r m a l i t y .
S ~ L 6 0 3 w a s a l s o s h o w n t o a l l o w w i d e p r o c e s s v a r i a t i o n d u r i n g
d e v e l o p m e n t w i t h o n l y m i n i m a l c h a n g e s i n t h e c h a r a c t e r i s t i c c u r v e
a f t e r 4 m i n u t e s o f d e v e l o p m e n t .
c ~ C K N O W L E D G M E N T S
T h e a u t h o r w o u l d l i k e t o t h a n k B r u c e S m i t h , R i c k H o l s c h e r ,
a n d I a n F i n k f o r t h e i r v a l u b l e a s s i s t a n c e w i t h t h i s p r o j e c t .
R E F E R E N C E S
[ 1 ] R . D a m m e l , C . R . L i n d l e y , 6 . P a w l o w s k i , U . S c h e u n e m a n n , a n d J .
T h e i s , ~ d v a n c e s i n R e s i s t T e c h n o l o g y a n d P r o c e s s i n g V I I
( S P I E , B e l l i n g h a m , W ~ , 1 9 9 0 ) , V o l . 1 2 6 2 , p . 3 7 8 .
[ 2 ] G . H . B e r n s t e i n , W . P . L i u , Y . N . K h a w a i a , M . N . K o z i c k i , D . K .
F e r r y , a n d L . B l u m e , J . V a c . S c i . T e c h . B , ~ , 2 2 9 8 ( 1 9 8 8 ) .
[ 3 ] L . B l u m e , M . E . P e r k i n s , a n d H . Y . L i u , J . V a c . S c i . T e c h . B ,
~ . , 2 2 8 0 ( 1 9 8 8 )
[ 4 ] T . H . F e d y n s h y n , M . F . C r o n i n , L . C . P o l i , a n d C . K o n d e k , J .
V a c . S c i . T e c h n o l . B , 8 , 1 4 5 4 ( 1 9 9 0 ) .
[ 5 ] J . W . T h a c k e r a y , G . W . O r s u l a , E . K . P a v l e c h e k , a n d B . C a n i s t r o ,
~ d v a n c e s i n R e s i s t T e c h n o l o g y a n d P r o c e s s i n g V I , ( S P I E ,
B e l l i n g h a m , W ~ , 1 9 8 9 ) , V o l . 1 0 8 6 , p . 3 4 .
[ 6 ] N . M . M o r e a u , S e m i c o n d u c t o r L i t h o g r a p h y P r i n c i p l e s , P r a c t i c e ~
a n d M a t e r i a l s . ( P l e n u m P r e s s , N e w Y o r k , 1 9 8 8 ) , p . 5 3 5 .
[ 7 ] D . H . A n d r e w s a n d R . J . K o k e s , F u n d a m e n t a l C h e m i s t r y , 2 n d
e d i t i o n . ( J o h n W i l e y a n d S o n s I n c . , N e w Y o r k , N e w Y o r k ,
1 9 6 5 ) , P . 3 9 1 .
F i g u r e 6 : D e v e l o p m e n t T i m e E f f e c t s .
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C H A R A C T E R I Z A T I O N A N D P R O C E S S D E V E L O P M E N T F O R T H E M E B E S I E L E C T R O N
B E A M L I T H O G R A P H Y S Y S T E M
R i c h a r d D . H o l s c h e r
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
C h a r a c t e r i 2 a t i o n o f a t 4 E B E S I e l e c t r o n b e a m
l i t h o g r a p h y t o o l w a s d o n e t o i n v e s t i g a t e
e l e c t r o n b e a r w r i t i n g e r r o r s i n d u c e d b y
e l e c t r i c a l a n d m e c h a n i c a l i n t e r a c t i o n s o f t h e
s y s t e m . P r o c e s s d e v e l o p m e n t o f S A L 6 O 3 a
n e g a t i v e l y w o r k i n g c h e m i c a l l y a m p l i f i e d
r e s i s t , w h i c h i s r e q u i r e d t o p r o v i d e a h i g h
s e n s i t i v i t y r e p e a t a b l e r e s i s t f i l m , w a s a l s o
d o n e .
I N T R O D U C T I O N
T h e m o v e t o e l e c t r o n b e a m a s a v i a b l e o p t i o n t o o p t i c a l
l i t h o g r a p h y i s b e c o m i n g a p p a r e n t a s t h e t e c h n o l o g y a p p r o a c h e s t h e
o p t i c a l r e s o l u t i o n l i m i t s . T h e s e l i m i t s r e s u l t f r o m t h e
d i f f r a c t i o n e f f e c t s a s t h e l i g h t p a s s e s t h r o u g h t h e n a r r o w
o p e n i n g s i n t h e m a s k . T h e r e s o l u t i o n p o s s i b l e b y o p t i c a l
l i t h o g r a p h y i s d e f i n e d b y R a y l e i g h a s :
R e s o l u t i o n = k * w a v e l e n g t h / N A
I n t h i s f o r m u l a , k i s a m a n u f a c t u r i n g c o n s t a n t u s u a l l y
a r o u n d . 5 - . 8 a n d N A i s t h e n u m e r i c a l a p e r t u r e o f t h e l e n s s y s t e m ,
w h i c h c a n b e a s h i g h a s . 6 f o r s t a t e o f t h e a r t s y s t e m s . F r o m
t h i s e q u a t i o n , o p t i c a l m a n u f a c t u r e r s a r e f o r c e d t o p r o c ~ u c e
s y s t e m s w i t h l a r g e r n u m e r i c a l a p e r t u r e l e n s s y s t e m s t h a t c a n
h a n d l e s h o r t e r w a v e l e n g t h l i g h t . T h e l i m i t s o f o p t i c a l
l i t h o g r a p h y p r e v e n t d i m e n s i o n s t h a t a r e s u b 0 . 5 m i c r o n . E l e c t r o n
b e a m l i t h o g r a p h y c o n q u e r s t h e s e o b s t a c l e s b y h a v i n q a w a v e l e n c j t h
t h a t i s s h o r t e n o u g h t o l a r g e l y r e m o v e t h e d i f f r a c t i o n e f f e c t s
p r o d u c e d b y o p t i c a l l i t h o g r a p h y . E l e c t r o n b e a m u s e s a f i n e l y
f o c u s e d b e a m o f e l e c t r o n s a n d d e f l e c t s t h e b e a m o v e r a s e n s i t i v e
r e s i s t m a t e r i a l t o c r e a t e s u b - h a l f m i c r o n i m a g e s . T h e M E B E S I i s
a n e l e c t r o n b e a m l i t h o g r a p h y t o o l d e v e l o p e d b y E T E C t o a c c o m p l i s h
h i g h r e s o l u t i o n l i t h o g r a p h y f o r m a s k m a k i n g a n d l o w e n d d i r e c t
w r i t e a p p l i c a t i o n s .
T h e M E B E S I h a s a c o l u m n w h i c h c o n s i s t s o f t h r e e
e l e c t r o m a g n e t i c l e n s e s t o f o c u s t h e e l e c t r o n s a s t h e y t r a v e l d o w n
i t s l e n g t h . T h e s e l e n s e s c a n b e t h o u g h t o f a s o p t i c a l l e n s e s . T h e
e l e c t r o n s a r e e m i t t e d f r o m t h e t i p o f t h e t u n g s t e n s o u r c e
f i l a m e n t a n d a c c e l e r a t e d t h r o u g h a l O K e V p o t e n t i a l t o g i v e a n
i n i t i a l t r a j e c t o r y d o w n t h e c o l u m n . A c o n d e n s e r l e n s i s u s e d t o
d e m a g n i f y t h e b e a m t o t h e d e s i r e d s i z e . B e t w e e n t h e c o n d e n s e r
l e n s a n d t h e o b j e c t i v e l e n s i s t h e b e a m b l a n k i n g a p e r t u r e , w i - i i c b
i s r e s p o n s i b l e f o r b l a n k i n g t h e b e a m o f f d u r i n g t h e w r i t i n g o f
p a t t e r n s . T h i s i s d o n e b y d e f l e c t i n g t h e b e a m a w a y f r o m t h e
a p e r t u r e o p e n i n g w h e n t h e u n e x p o s e d p o r t i o n s o f t h e p a t t e r n a r e
b e i n g w r i t t e n . T h e c o n d e n s e r l e n s c o n t r o l s t h e s i z e a n d f o c u s e s
t h e e l e c t r o n b e a m o n t h e s u b s t r a t e . F i g u r e 1 i s a s i m p l e d i a g r a m
s h o w i n g t h e e l e c t r o n o p t i c s o f a s i m i l a r e l e c t r o n b e a m
l i t h o g r a p h y c o l u m n . T h e o n l y d i f f e r e n c e i s t h a t t h e r e i s o n l y 1
c o n d e n s e r l e n s a f t e r t h e b e a m b l a n k i n g a p e r t u r e t o f o c u s a n d
s h a p e t h e b e a m .
~ O U ~ ~ Z A T ~ T 3 ~ I f l 7 ~
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F i g u r e 1 : S i m p l e E l e c t r o n O p t i c s C o l u m n w i t h T w o L e n s e s [ 1 ) .
T h e m e t h o d t h a t t h e M E B E S I u s e s t o w r i t e t h e m a s k p a t t e r n s
i s k n o w n a s r a s t e r s c a n . T h i s m e t h o d s c a n s t h e b e a m i n t h e y
d i r e c t i o n a n d m o v e s t h e s t a g e i n t h e x d i r e c t i o n , b l a n k i n q t h e
b e a m w h e r e n e e d e d . T h e o t h e r m e t h o d o f e l e c t r o n b e a m w r i t i n q i s
k n o w n a s v e c t o r s c a n w h i c h d i r e c t s t h e b e a m v e c t o r i a l l y o n l y t o
t h e a r e a s t h a t a r e t o b e e x p o s e d t h e r e f o r e s a v i n g t i m e b y
a v o i d i n g t h e a r e a s t h a t d o n o t n e e d e x p o s u r e . F i g u r e 2 s h o w s t h e
t w o t y p e s o f w r i t i n g s t r a t e g i e s .
• V e c t o r
• R a s t e r
L ~ 1 ~
F i g u r e 2 : P o s s i b l e E l e c t r o n B e a m W r i t i n g S t r a t e g i e s r v i .
S ø . r c e
C r o s s o v e r
b t o n k i n g
L e n s 2
8 e o s ~ p o & 1 ~ o n
d e f l e c t o r
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T h e r e s o l u t i o n o b t a i n e d i s m o s t l y d e p e n d e n t u p o n t h e r e s i s t
s y s t e m b e i n g u s e d a n d i t s p a r a m e t e r s s u c h a s s e n s i t i v i t y ,
c o n t r a s t , a n d a b i l i t y t o w i t h s t a n d f u t u r e p r o c e s s i n g . T h e d o s e
t h a t t h e e l e c t r o n b e a m u s e s t o e x p o s e t h e r e s i s t c a n b e
d e t e r m i n e d b y
D o s e = ~ * t / A r e a
w h e r e I i s c u r r e n t d e n s i t y , t i s e x p o s u r e t i m e , a n d a r e a i s t h e
s c a n a r e a o f t h e b e a m .
T h e M E B E S s y s t e m h a s a c e r t a i n a m o u n t o f e r r o r i n h e r e n t i n
i t s w r i t i n g c a p a b i l i t i e s . T h e s e e r r o r s c a n b e i n d u c e d b y t h e
s t a g e w i t h t h e x - y m o t o r s o r t h e e l e c t r o n b e a m l e n s c o n t r o l
s y s t e m . T h e s y s t e m t h e r e f o r e n e e d s t o b e m o n i t o r e d o n a f r e q u e n t
b a s i s t o d e t e r m i n e t h e a m o u n t o f e r r o r a n d t o f e e d d a t a b a c k i n t o
t h e s y s t e m s o t h a t i t c a n c o r r e c t f o r t h e m . T h i s i s d o n e b y
w r i t i n g a s e t o f p a t t e r n s t h a t c o n t a i n s t r u c t u r e s t o d e t e r m i n e
t h e i n d u c e d e r r o r . A f t e r w r i t i n g t h e s e p a t t e r n s t h e m a s k i s
p r o c e s s e d a n d i n s e r t e d b a c k i n t o t h e M E B E S . T h e M E B E S i s t h e n
u s e d a s a d i a g n o s t i c t o o l t o m e a s u r e t h e e r r o r b y m e a s u r i n q t h e
a c t u a l l o c a t i o n a n d p o s i t i o n i n g o f t h e m a r k s c o m p a r e d t o t h e
d e s i r e d p l a c e m e n t o f t h e s e m a r k s .
T h e r e a r e t h r e e p a t t e r n s t h a t a r e u s e d t o m e a s u r e t h e e r r o r
i n t h e t o o l . T h e f i r s t i s a n l l x l l a r r a y o f c r o s s e s p l a c e d e v e n l y
o v e r t h e 5 ” m a s k . T h i s i s u s e d t o d e t e r m i n e t h e m i r r o r
o r t h o g a n a l i t y w h i c h i s a c o r r e c t i o n f o r t h e e r r o r s i n t h e s t a q e
c o n t r o l m i r r o r s . T h e s e c o n d i s a c h e c k e r b o a r d s t r u c t u r e w h i c h
a l s o d e t e r m i n e s t h e w r i t e s c a n l e n g t h . T h i s m e a s u r e m e n t
d e t e r m i n e s i f t h e e l e c t r o n b e a m i s w r i t i n g e q u a l a m o u n t s i n b o t h
t h e x a n d y d i r e c t i o n s . T h e l a s t s t r u c t u r e i s a s t a i r c a s e o f 1 2 6
c r o s s e s . T h e M E B E S m e a s u r e s t h e l o c a t i o n o f e a c h o f t h e s e c r o s s e s
a n d g i v e s a v a l u e f o r w r i t e s c a n l i n e a r i t y o r h o w l i n e a r t h e b e a m
d e f l e c t i o n i s a s i t w r i t e s t h e s t a i r c a s e o f c r o s s e s .
P r o c e s s d e v e l o p m e n t o f a c h e m i c a l l y a m p l i f i e d r e s i s t . T h i s
r e s i s t i s m a d e b y S h i p l e y S A L 6 O 3 w i t h s e n s i t i v i t y a r o u n d
2 u C / c m * * 2 a n d h a s t h e a b l i l i t y t o r e s o l v e s u b m i c r o n f e a t u r e s . T h e
r e s i s t i s c h e m i c a l l y a m p l i f i e d w h i c h r e q u i r e s a p o s t e x p o s u r e
b a k e t o a c t i v a t e t h e a c i d g e n e r a t e d b y t h e e - b e a m e x p o s u r e . T h i s
a c t i v a t e d a c i d w i l l c a u s e c r o s s l i n k i n g i n t h e e x p o s e d a r e a s . T h i s
r e s i s t a l s o h a s t h e b e n e f i t o f b e i n g a q u e o u s l y b a s e d i n s t e a d o f
o r g a n i c b a s e d .
E X P E R I M E N T
F o r t h i s p r o j e c t , o n e m u s t b e f l u e n t w i t h t h e v a r i o u s
s o f t w a r e p a c k a g e s t h a t a r e r e q u i r e d t o b e a b l e t o c o m f o r t a b l y
o p e r a t e t h e M E B E S I s y s t e m . T h e f i r s t i s c a l l e d A E S O P w h i c h i s
u s e d t o a u t o m a t i c a l l y o r m a n u a l l y s e t t h e b e a m u p t o t h e c o r r e c t
t h e s p o t s i z e a n d c u r r e n t d e n s i t y . T h i s m u s t b e d o n e e a c h t i m e
b e f o r e w r i t i n g a m a s k . T h i s p r o g r a m w i l l a d j u s t t h e l e n s v o l t a o c s
a n d e m i s s i o n c u r r e n t s t o o b t a i n t h e d e s i r e d b e a m p a r a m e t e r s . W h e n
t h e c o l u m n i s c o r r e c t l y s e t u p , t h e p a t t e r n i s w r i t t e n u s i n g t h e
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p r o g r a m c a l l e d M E B E S . A s a p r o t e c t i o n , M E B E S w i l l c h e c k t h e ~ o b
d e c k a n d c h e c k t h e c o l u m n s e t u p f o r a n y e r r o r s b e f o r e i t s t a r t s
w r i t i n g . T o d o t h e e r r o r m e a s u r e m e n t , t h e s o f t w a r e M A R K E T w a s
u s e d t o t u r n t h e M E B E S i n t o a d i a g n o s t i c t o o l a n d t o m e a s u r e t h e
l o c a t i o n o f r e s i s t i m a g e s o n t h e s u b s t r a t e .
T h e n e x t s t e p w a s t o t r a n s f e r t h e r e s i s t p r o c e s s t o t h e
n e g a t i v e w o r k i n g c h e m i c a l l y - a m p l i f i e d S A L 6 O 3 r e s i s t . T h e r e s i s t
w a s s p i n c o a t e d t o a t h i c k n e s s o f a b o u t . 4 u m a n d t h e n p r o - b a k e d
o n t h e h o t p l a t e f o r 9 0 s e c o n d s a t l O O C . A s e r i e s o f l i n e - s p a c e
p a t t e r n s w e r e w r i t t e n w i t h i n c r e a s i n g d o s e s t o d e t e r m i n e t h e
o p t i m u m e x p o s u r e d o s e . T h e o p t i m u m d o s e w a s d e t e r m i n e d t o b e
2 u C / c m * * 2 . T h i s w a s d e t e r m i n e d b y f i n d i n g t h e d o s e w h e n t h e l i n e s
a n d s p a c e s a r e o f e q u a l s i z e f o r a s p e c i f i c d i m e n s i o n . T h i s
r e s i s t r e q u i r e s a P E B t o c r o s s l i n k t h e i m a g e b y u t i l i z i n c i t h e
a c i d c a t a l y s t f o r m e d b y t h e e x p o s i n g e l e c t r o n b e a m . T h i s w a s b e
d o n e a t h O C f o r 9 0 s e c o n d s o n t h e h o t p l a t e . T h e r e s i s t w a s t h e n
d e v e l o p e d u s i n g t h e M F 3 2 1 d e v e l o p e r f o r 2 m i n u t e s . T h e t w o b a k e
s t e p s a n d t h e d o s e g i v e n w e r e f o u n d t o b e t h e m o s t i m p o r t a n t
p a r a m e t e r s t o b e a b l e t o a c h i e v e h i g h r e s o l u t i o n .
T h e l a s t p o r t i o n o f t h e p r o j e c t w a s t o c h a r a c t e r i z e t h e
e r r o r s i n t h e M E B E S s y s t e m u s i n g t h e p a t t e r n s d i s c u s s e d i n t h e
I n t r o d u c t i o n . T h e s e p a t t e r n s a r e r e s i s t i m a g e s t h a t h a v e b e e n
w r i t t e n w i t h t h e e l e c t r o n b e a m . T h e l o c a t i o n o f t h e s e i m a q e s i s
m e a s u r e d b y u s i n g t h e M E B E S a s a d i a g n o s t i c t o o l a n d r u n n i n g a
s o f t w a r e p a c k a g e c a l l e d M A R K E T . T h i s p r o g r a m s c a n s t h e b e a m o v e r
t h e d e s i r e d l o c a t i o n o f t h e r e s i s t i m a g e s a n d c a n t h e r e f o r e
d e t e r m i n e t h e e r r o r b y f i n d i n g t h e d e l t a b e t w e e n t h e k n o w n a n d
d e s i r e d r e s i s t i m a g e p a t t e r n s .
R E S U L ~ t p ~ ~ U S ~ I . P J i
T h e p l o t o b t a i n e d f o r t h e s t a i r c a s e p a t t e r n s i s s h o w n i n
F i g u r e 3 . T h i s p l o t s h o w s t h a t t h e l i n e a r i t y o f t h e e l e c t r o n b e a m
d e f l e c t i o n i s + / - . 2 u m f o r t h e l u m s p o t s i z e w h i c h i s w i t h i n s p e c
f o r t h e s y s t e m .
- 0 . 3 0
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 0 . 2 0
~ f r ~ I
A d 1 1 0 . 1 0
I 4 R X - 0 . 2 7 5 ~ 1 N ~ — 0 . 2 9 5 S I G H A - 0 . 0 9 3 1 2 6 . O R T A P O I N T S
a o ~ . 0 . 0 7 3 N O I S I N E S S . 0 . 5 6 2
F i g u r e 3 : M A R K E T r e s u l t s o f s t a i r c a s e o f . c r o s s e s .
0 . 0 0
— 0 . 1 0
— 0 . 2 0
— 0 . 3 0
— 0 . 9 0 N I C R O N
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T h e n e x t p l o t o b t a i n e d i s t h a t f r o m t h e c h e c k e r b o a r d
s t r u c t u r e a n d i s s h o w n i n F i g u r e 4 . T h e c h e c k e r b o a r d s t r u c t u r e
i s a n a l y z e d b y m e a s u r i n g t h e l o c a t i o n o f e a c h i n t e r s e c t i o n o f x
a n d y l i n e s c o m p o s i n g t h e s t r u c t u r e . T h e f i g u r e s h o w s t h e d e s i r e d
a n d a c t u a l l o c a t i o n s o f t h e i n t e r s e c t i o n s o f t h e s e l i n e s . T h e
s u m m a r y s h o w s t h e a v e r a g e d e v i a t i o n , s l o p e a n d b o w o f e a c h r o w
a n d c o l u m n o f d a t a p o i n t s m e a s u r e d o n t h e c h e c k e r b o a r d .
T O I R L ~ C 1 R h 1 0 N
~ . O 0 0 5 l 7 6 R R O I R N
~ R R f l N 1 1 . 1 ) D I S P L R C E R E N T
E N 3 — 1 9 . 5 6 2 U N
I N 7 — — 6 6 . 3 6 7 U N
R S C R L E . 0 . 3 2 3 U N
V S C R L E — 0 . 3 2 3 U N
E R R . 0 . 1 6 3 U N N P X
E R R . 0 . 0 9 7 U N R N S
Z I G Z R G . 0 . 0 ’ ~ S U N
X 1 1 R 6 . 0 . 0 1 5 U N
Y N R O . 0 . 0 5 6 U N
S H E R R — — 0 . 0 9 7 U 1 1
l I E S E R R - 0 . 1 6 5 U N N R X
l I E S E R R . 0 . 0 7 9 U N R N S
3 0 9 0 6 - 0 . 0 0 0 0 3 ’ 1 3
7 6 9 0 6 — 0 . 0 0 0 1 2 1 1 6
T h e p l o t s h o w n i n F i g u r e 5 i s o f t h e l l x l l a r r a y o f c r o s s e s .
T h i s p l o t i s s i m i l a r t o t h a t o f t h e c h e c k e r b o a r d s t r u c t u r e a n d
b u t i s s p r e a d o u t o v e r t h e w h o l e m a s k . T h i s p l o t s h o w s t h a t t ] ~ i e
i m a g e i s c o n t r a c t e d w i t h r e s p e c t t o t h e d e s i r e d i m a g e . T h e e r r o r s
i n t h e c e n t e r o f t h e m a s k a r e u n d e r a m i c r o n b u t e x c e e d a m i c r o n
n e a r t h e e d g e s . T h e v a l u e o f s h e a r i s u s e d a s f e e d b a c k f o r t h e
s y s t e m t o c o r r e c t t h e n o n - o r t h o g a n a l i t y . T h e p l o t s h o w n i s f o r
t h e 1 m i c r o n b e a m s i z e , b u t t h e p a t t e r n s a r e w r i t t e n w i t h 1 , . 5
a n d . 2 5 m i c r o n b e a m s i z e s . P l o t s h a v e b e e n o b t a i n e d o f t h e
r e s u l t s o f t h o s e p a t t e r n s a s w e l l a n d t h e y s h o w t h e s a m e t r e n d s
a s o n t h e 1 m i c r o n b e a m s i z e w r i t i n g o f t h e p a t t e r n .
0 . ~ 5 ( I N
S
F i g u r e 4 : H A R K E T
r e s u l t s o f t h e
c h e c k e r b o a r d
s t r u c t u r e .
C O L O R I R , R V O ( U N ) S L O P E ( U N ) 9 0 W ( U N ) Z I G ( U N )
— 0 . 0 2 1 0 . 0 0 6 — 0 . 0 7 7 0 . 0 1 1 1 1
0 . 0 0 5 — 0 . 1 ) 2 — 0 . 0 2 7 0 . 0 6 1
— 0 . 0 ) 1 1 — 0 . 1 3 7 — 0 . 0 1 6 0 . 0 2 1
0 . 0 0 1 — 0 . 1 3 0 — 0 . 0 2 1 1 0 . 0 1 1 1
0 . 0 0 1 — 0 . 1 1 1 — 0 . 0 3 6 0 . 0 1 1 7
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1 0 0 . 0 0 t I N
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A C K N O W L E D G M E N T S
R E F E R E N C E S
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— 0 . 0 0 1 4 1 4 7 7 1 R R D I R N
t I R R I ~ ( 1 ; 1 ) O ] S P L R C E N E N T
I N X — 2 5 8 . 2 4 9 U N
I N T - 5 3 9 . 3 2 3 U N
H S C R L E — 4 . 0 5 8 U N
V S C R L E — 4 ~ ~ 5 5 U N
E R R - 2 . 5 7 7 U N I I R X
E R R - 1 . 1 4 1 4 1 U N T i N S
Z 1 0 Z R 6 . — 0 . O 1 2 U N
X M R G - — 3 . I O I U N
‘ ( M R G - — 3 . 2 8 6 U N
S H E R R - — 0 . 3 4 8 U M
T i E S E R R - 0 . 2 8 6 U N N R X
T i E S E R R - ~ 1 0 7 W I T i N S
? i g u r .
R e s u l t s
A r r a y
1 ~ ~ ~ ~
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r
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t
S .
L
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x
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0
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0
i i
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R O k 1 O R T R : P V O l U l l )
1 . 6 4 8
1 . 3 0 5
0 . 9 9 6
0 . 6 1 4 9
0 . 3 3 7
— 0 . 0 0 5
— 0 . 3 3 2
— 0 . 6 5 7
— 0 . 9 9 0
— 1 . 3 0 8
— 1 . 6 1 4 2
C O L O R T R : P V G I W I )
1 . 1 4 5 3
1 . 3 3 0
0 . 8 6 4
0 . 6 8 0
0 . 2 8 7
0 . 0 8 9
— 0 . 3 5 6
— 0 . 5 3 3
— 1 . 0 0 2
— 1 . 1 8 7
— 1 . 6 2 4
S L O P E l U l l )
— 0 . 6 0 7
— 0 . 5 7 6
— 0 . 4 8 9
~ 0 . I 4 7 3
— 0 . 4 3 4
— 0 . 3 2 6
— 0 . 2 3 4
— 0 . 2 0 4
- 0 . 1 6 7
— 0 . 1 9 0
— 0 . 1 2 6
S L O P E l U l l )
— 0 . 3 4 1
— 0 . 4 5 6
— o . ~ s i
- 0 . 4 0 7
— 0 . 3 7 7
— 0 . 3 1 2
— 0 . 3 1 9
— 0 . 2 5 7
— 0 . 2 3 4
— 0 . 2 3 1
B O W ( U N )
0 . 1 5 2
0 . 0 8 5
0 . 0 6 8
0 . 0 5 1
0 . 0 6 5
0 . 0 5 4
0 . 0 5 4
0 . 0 4 1
0 . 0 7 4
0 . 0 9 4
0 . 0 8 8
B O W ( U N )
— 0 . 0 1 7
0 . 0 9 3
0 . 0 8 0
0 . 1 3 8
0 . 0 7 2
0 . 0 8 0
0 . 0 4 0
0 . 0 7 5
0 . 0 5 1
0 . 0 2 3
0 . 0 2 2
e l i
F F O R
M A R K E T
l i X i l
Z i G ( U N )
0 . 0 0 5
— 0 . 0 3 3
- 0 . 0 1 7
- 0 . 0 2 5
- 0 . 0 1 3
— 0 . 0 0 8
— 0 . 0 1 0
0 . 0 0 6
— 0 . 0 2 4
— 0 . 0 0 5
— 0 . 0 0 6
T h i s p r o j e c t h a s s u c c e e d e d i n o b t a i n i n g a w o r k i n g n e g a t i v e
r e s i s t p r o c e s s f o r m a s k m a k i n q . O p t i m u m r e s o l u t i o n o f t h e r e s i s t
w a s o b t a i n e d w i t h 1 0 0 C p r e - b a k e , 2 u C / c m * * 2 d o s e , a n d a h O C P E B .
T h e w o r k i n t h i s p r o j e c t a l s o i n v e s t i g a t e d t h e m e t h o d f o r
m e a s u r i n g w r i t i n g e r r o r s s u c h a s o r t h o q a n a h i t v , w r i t e s c a n
l e n g t h , a n d w r i t e s c a n l i n e a r i t y .
I w o u l d l i k e t o t h a n k B r u c e S m i t h , S c o t t B l o n d e h l a n d H i k e
J a c k s o n f o r t r a i n i n g , m a i n t e n a n c e a n d g u i d a n c e i n t h i s p r o j e c t .
t i ) O w e n G e r a i n t , “ I n t r o d u c t i o n t o E l e c t r o n B e a m
L i t h o g r a p h y , ” S h o r t C o u r s e N o t e s i n S P I E ’ s 1 9 9 1
S y m p o s i u m o n M i c r o l i t h o g r a p h y
[ 2 ] F w d y n y s h y n a n d C r o n i n , V a c . S c i . T e c h n o l B , 1 4 5 4 - 1 4 6 0
( N o v / D e c 1 9 9 0 )
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E V A L U A T I O N O F A D O U B L E R E S I S T P R O C E S S
J O S E P H J E C H J R
S E N I O R M I C R O E L E C T R O N I C E N G I N E E R I N G S T U D E N T
R O C H E S T E R I N S T I T U T E O F T E C H N O L O G Y
A B S T R A C T
A h i e r a r c h i c a l a n a l y s i s o f v a r i a n c e w a s
e x e c u t e d o n b o t h c r i t i c a l d i m e n s i o n a n d
f i l m t h i c k n e s s d a t a t o p r o v e
m a n u f a c t u r a b i l i t y o f a d o u b l e l a y e r
r e s i s t p r o c e s s a s c o m p a r e d t o a n
e x i s t i n g d e v i c e p r o c e s s . T e s t i n g w a s
d e s i g n e d t o p r o v i d e e s t i m a t e s o f
v a r i a n c e o n a d i e — t o — d i e , w a f e r — t o —
w a f e r , a n d r u n - t o — r u n b a s i s . I o n
i m p l a n t m a s k s i d e w a l l a n g l e a n d p r o c e s s
r e p e a t a b i l i t y w e r e o t h e r c o n c e r n s
i n v e s t i g a t e d . T h e d o u b l e r e s i s t p r o c e s s
d i s p l a y e d i m p r o v e m e n t i n a l l p h a s e s o f
t h e p r o c e s s e x a m i n e d e x c e p t t h e r u n — t o —
r u n v a r i a n c e o f t h e p o l y s i l i c o n f i l m
t h i c k n e s s . M o r e t e s t i n g i s r e q u i r e d t o
d e t e r m i n e i f t h e p o s s i b l e c a u s e w a s
r e l a t e d t o t h e p r o c e s s o r s o m e o u t s i d e
f a c t o r .
I N T R O D U C T I O N
A d e v i c e p r o c e s s , c u r r e n t l y e m p l o y e d i n m a n u f a c t u r e , i n c l u d e s a
d o u b l e — l a y e r d i e l e c t r i c f i l m . T h e t o p l a y e r , d i e l e c t r i c 2 , s e r v e s
a s a n i o n i m p l a n t m a s k . H o w e v e r , t h e d e p o s i t i o n o f t h i s m a t e r i a l
i s c h a r a c t e r i z e d b y f i l m t h i c k n e s s n o n - u n i f o r m i t y , h i g h p a r t i c l e
c o u n t s , a n d i n c l u d e s a l e n g t h y f u r n a c e o p e r a t i o n . A n o t h e r p r o b l e m
i n c u r r e d i s t h e p o o r e t c h s e l e c t i v i t y o f t h e d i e l e c t r i c 2 /
d i e l e c t r i c 1 e t c h t o t h e p o l y s i l i c o n . B e c a u s e o f t h e d i e l e c t r i c 2
t h i c k n e s s n o n - u n i f o r m i t y , s o m e o v e r — e t c h i n g m u s t o c c u r t o i n s u r e
c o m p l e t e c l e a n o u t o f t h e d i e l e c t r i c m a t e r i a l , r e s u l t i n g i n t h e
a t t a c k o f t h e p o l y l a y e r .
I n o r d e r t o m i n i m i z e t h e s e p r o b l e m s , a d o u b l e l a y e r r e s i s t
p r o c e s s i s p r o p o s e d . F i g u r e 1 o u t l i n e s t h e e x i s t i n g a n d n e w
p r o c e s s e s . T h e d o u b l e r e s i s t p r o c e s s e l i m i n a t e s t h e d i e l e c t r i c 2
l a y e r a n d r e p l a c e s i t w i t h a d e e p U V ( D U V ) s t a b i l i z e d , p a t t e r n e d
p h o t o r e s i s t l a y e r . T h i s n e w l a y e r w o u l d h a v e a d u a l f u n c t i o n :
f i r s t a s a n e t c h m a s k f o r t h e d i e l e c t r i c 1 l a y e r , a n d s e c o n d , a s
p a r t o f a m e d i u m e n e r g y i o n i m p l a n t m a s k , t h e s a m e d u t y a s t h e
d i e l e c t r i c 2 l e v e l . A n o t h e r a d v a n t a g e o f t h e d o u b l e r e s i s t
p r o c e s s w o u l d t h e n b e a t i m e s a v i n g s r e a l i z e d b y t h e r e d u c t i o n i n
p r o c e s s s t e p s .
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T h e c r o s s l i n k i n g e f f e c t s o f D U V r a d i a t i o n o n n o v o l a c — b a s e d
p o s i t i v e r e s i s t w a s f i r s t r e p o r t e d i n t h e e a r l y 1 9 8 0 ’ s [ 1 , 2 , 3 ]
S u b s e q u e n t w o r k p r o v i d e d r e s u l t s w h i c h s u g g e s t e d a b i l a y e r r e s i s t
p r o c e s s , u t i l i z i n g t h e D U V s t a b i l i z e d r e s i s t a s t h e u n d e r l y i n g
l a y e r , w a s p o s s i b l e [ 4 , 5 , 6 , 7 ] . T h i s p r o j e c t w i l l a t t e m p t t o p r o v e
t h e m a n u f a c t u r a b i l i t y o f t h e d o u b l e r e s i s t p r o c e s s a s c o m p a r e d t o
t h e e x i s t i n g p r o c e s s . A r e a s o f t h e p r o c e s s e s t o b e e x a m i n e d a r e
c r i t i c a l d i m e n s i o n s ( C D s ) b e f o r e a n d a f t e r t h e d i e l e c t r i c e t c h ,
a n d t h e u n d e r l y i n g p o l y s i l i c o n f i l m t h i c k n e s s a f t e r t h e
d i e l e c t r i c e t c h . O t h e r a r e a s o f c o n c e r n i n c l u d e t h e D U V
s t a b i l i z e d r e s i s t s i d e w a l l a n g l e a n d t h e r e p e a t a b i l i t y o f t h e
d o u b l e r e s i s t p r o c e s s . T h e r o l e o f t h e s t a b i l i z e d r e s i s t a s a n
i m p l a n t m a s k i s c r i t i c a l , t h e r e f o r e , t h e s i d e w a l l a n g l e c a n b e n o
l e s s t h a n t h a t o f t h e r e p l a c e d d i e l e c t r i c 2 l a y e r .
Z o n e m o n i t o r i n g w i l l b e e m p l o y e d t o e x a m i n e t h e r e p e a t a b i l i t y
o f b o t h p r o c e s s e s . T h i s t e c h n i q u e a l l o w s t h e m o n i t o r i n g o f o n l y
t h a t p o r t i o n , o r z o n e , o f a p r o c e s s w h i c h i s o f i n t e r e s t . T h e
c o m p l e t e d e v i c e p r o c e s s i n c l u d e s c l o s e t o 3 0 0 s t e p s , b u t o n l y
a p p r o x i m a t e l y 5 0 o f t h o s e w e r e n e e d e d f o r t h i s s t u d y .
E X P E R I M E N T
A t o t a l o f 3 6 f o u r - i n c h < 1 0 0 > n - t y p e s i l i c o n w a f e r s w e r e
n e e d e d , 1 8 w a f e r s f o r e a c h p r o c e s s . T h e f i r s t t w e n t y s t e p s o f t h e
p r o c e s s e s w e r e i d e n t i c a l ( u p t o t h e d i e l e c t r i c 1 d e p o s i t i o n ) , a n d
a l l t h e w a f e r s w e r e p r o c e s s e d t o g e t h e r t o t h i s p o i n t . A f t e r t h e
p o l y s i l i c o n d o p i n g , b u t p r i o r t o t h e d i e l e c t r i c 1 d e p o s i t i o n , t h e
p o l y f i l m t h i c k n e s s w a s m e a s u r e d o n t e n o f t h e w a f e r s i n f i v e
l o c a t i o n s a c r o s s e a c h w a f e r . E i g h t e e n w a f e r s c o m p r i s i n g t h e
e x i s t i n g p r o c e s s r e c e i v e d t h e d i e l e c t r i c 2 d e p o s i t i o n . A t t h i s
p o i n t , t h e w a f e r s f o r e a c h p r o c e s s w e r e r e l e a s e d i n g r o u p s o f
t h r e e p e r r u n o v e r a t h r e e w e e k p e r i o d . T w o o f t h e w a f e r s w e r e
u s e d f o r C D a n d f i l m t h i c k n e s s m e a s u r e m e n t s , w h i l e t h e o t h e r w a s
r e m o v e d a t t h e i m p l a n t m a s k s t e p f o r s i d e w a l l a n g l e m e a s u r e m e n t s
o n a S E M .
T h e w a f e r s i n c l u d e d i n t h e e x i s t i n g p r o c e s s w e r e p a t t e r n e d w i t h
t h e d i e l e c t r i c e t c h m a s k . A d o u b l e d r y e t c h w a s p e r f o r m e d t o
d e l i n e a t e t h e d i e l e c t r i c m a t e r i a l s . T h e r e s i s t w a s s t r i p p e d , a n d
a n o t h e r r e s i s t l a y e r a p p l i e d f o r u s e a s t h e i m p l a n t m a s k . R e c a l l
t h a t t h e p a t t e r n e d d i e l e c t r i c 2 m a t e r i a l w a s a l s o p a r t o f t h e
i m p l a n t m a s k . T h e r e s i s t w a s s t r i p p e d a n d t h e d i e l e c t r i c 2 l a y e r
e t c h e d a w a y , h a v i n g s e r v e d t h e i r p u r p o s e s .
T h e w a f e r s w h i c h c o n s t i t u t e d t h e n e w p r o c e s s w e r e p a t t e r n e d
w i t h t h e d i e l e c t r i c 1 e t c h m a s k b u t d i d n o t r e c e i v e a c o n v e n t i o n a l
p o s t b a k e . T h e p a t t e r n e d r e s i s t w a s i r r a d i a t e d u s i n g a M i c r o l i t e
1 2 6 P C D U V u n i t m a n u f a c t u r e d b y F u s i o n S e m i c o n d u c t o r S y s t e m s . T h e
s t a b i l i z a t i o n p r o c e s s i n c l u d e d a t e m p e r a t u r e r a m p t o 2 0 0 ° C w h i c h
i n s u r e d p r o p e r h a r d e n i n g . F o l l o w i n g t h e d i e l e c t r i c 1 e t c h , a
5 9
s e c o n d r e s i s t l a y e r w a s a p p l i e d d i r e c t l y o v e r t h e s t a b i l i z e d
m a t e r i a l a n d p a t t e r n e d . B o t h r e s i s t l a y e r s w e r e u t i l i z e d a s p a r t
o f t h e i o n i m p l a n t m a s k . T h e r e s i s t l a y e r s w e r e s t r i p p e d
s i m u l t a n e o u s l y , a n d b o t h p r o c e s s e s w e r e n o w a t t h e s a m e p o i n t i n
t h e o v e r a l l m a n u f a c t u r i n g p r o c e s s .
C r i t i c a l d i m e n s i o n s w e r e m e a s u r e d f o r t h e d i e l e c t r i c e t c h m a s k
r e s i s t p a t t e r n a n d t h e e t c h e d d i e l e c t r i c p a t t e r n . M e a s u r e m e n t s
w e r e t a k e n w i t h a P h i l i p s 5 4 5 s c a n n i n g e l e c t r o n m i c r o s c o p e .
U s i n g a L e i t z M P V S P a u t o m a t i c f i l m t h i c k n e s s m e a s u r e m e n t
i n s t r u m e n t , t h e p o l y s i l i c o n f i l m t h i c k n e s s w a s r e c o r d e d a f t e r t h e
d i e l e c t r i c e t c h i n t h e s a m e a p p r o x i m a t e w a f e r l o c a t i o n a s t h e
i n i t i a l m e a s u r e m e n t s .
A h i e r a r c h i c a l a n a l y s i s o f v a r i a n c e ( A N O V A ) w a s p e r f o r m e d o n
b o t h t h e C D a n d f i l m t h i c k n e s s d a t a . A h i e r a r c h i c a l , o r n e s t e d
e x p e r i m e n t a l d e s i g n a l l o w s e s t i m a t e s o f c o m p o n e n t v a r i a n c e s t o b e
m a d e [ 8 ] . T h e t e s t i n g w a s d e s i g n e d s o t h a t v a r i a t i o n s c o u l d b e
i n v e s t i g a t e d o n a d i e — t o — d i e , w a f e r — t o — w a f e r , a n d r u n — t o — r u n b a s i s
a n d i n c l u d e d t h e f o l l o w i n g d a t a p o i n t s : f i v e d i e a c r o s s e a c h
w a f e r , t w o w a f e r s p e r r u n , a n d s i x r u n s f o r e a c h p r o c e s s .
D e d u c i n g t h e s e c o m p o n e n t v a r i a n c e s a i d e d i n d e t e r m i n i n g w h i c h
p o r t i o n o f t h e t o t a l v a r i a n c e w a s a r e s u l t o f t h e p r o c e s s , o r w a s
c a u s e d b y s o m e o t h e r f a c t o r . A c c e p t a b l e r e s u l t s f o r t h e d o u b l e
r e s i s t p r o c e s s w o u l d i n c l u d e C D a n d p o l y s i l i c o n f i l m t h i c k n e s s
v a r i a n c e s a t l e a s t m a t c h i n g t h e e x i s t i n g p r o c e s s . A n y C D
d i f f e r e n c e ( e t c h m a s k v s e t c h e d p a t t e r n ) b e t w e e n p r o c e s s e s c a n b e
r e s o l v e d w i t h a c h a n g e i n t h e m a s k b i a s .
R E S U L T S / D I S C U S S I O N
T h e a n a l y s i s o f v a r i a n c e t r e a t m e n t f o r t h e C D s i s s h o w n
g r a p h i c a l l y i n F i g u r e 2 . T h e d i f f e r e n c e i n t h e e t c h m a s k a n d
e t c h e d p a t t e r n C D 5 ( u s i n g t h e d e l t a e l i m i n a t e d t h e e t c h m a s k
l i n e w i d t h d i f f e r e n c e b e t w e e n p r o c e s s e s ) i s p l o t t e d o n t h e v e r t i c a l
a x i s , w h i l e t h e h o r i z o n t a l a x i s r e p r e s e n t s t h e d a t a p o i n t s f o r
e a c h d i e . T h e i n n e r m o s t s e t o f b o x e s s h o w t h e d i e v a l u e s f o r e a c h
w a f e r . E a c h d i e v a l u e i s a n a v e r a g e o f t h r e e l i n e ( a c t u a l l y s p a c e )
m e a s u r e m e n t s . T h e i r s t a n d a r d d e v i a t i o n s w e r e e x t r e m e l y s m a l l a n d
d i d n o t c o n t r i b u t e t o a n y v a r i a t i o n . T h e n e x t s e t o f r e c t a n g l e s
r e p r e s e n t e a c h r u n . T h e l a r g e s t b o x e s a r e l a b e l e d w i t h t h e i r
c o r r e s p o n d i n g p r o c e s s .
S t a r t i n g w i t h i n t h e s m a l l e s t b o x e s , o r d i e — t o — d i e v a r i a t i o n , t h e
e l o n g a t e d w a f e r b o x e s o f t h e e x i s t i n g p r o c e s s i n d i c a t e a l a r g e r
v a r i a n c e t h a n t h e n e w p r o c e s s . A l s o , t h e r u n b o x e s e n c l o s i n g t h e
w a f e r d a t a a r e m o r e e l o n g a t e d o n t h e e x i s t i n g p r o c e s s . F i n a l l y ,
t h e e x i s t i n g p r o c e s s b o x i s m u c h l a r g e r , a g a i n d e m o n s t r a t i n g
g r e a t e r v a r i a n c e . T h e r e f o r e , t h e C D p r o c e s s v a r i a b i l i t y i s l e s s
f o r t h e n e w p r o c e s s i n a l l p a r a m e t e r s e x a m i n e d .
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T h e a n a l y s i s o f v a r i a n c e o u t p u t f o r t h e p o l y s i l i c o n f i l m
t h i c k n e s s d a t a i s d i s p l a y e d i n F i g u r e 3 . T h e v e r t i c a l a x i s i s t h e
f i l m t h i c k n e s s a f t e r t h e d i e l e c t r i c e t c h . T h e r e m a i n i n g
p a r a m e t e r s a r e t h e s a m e a s t h e C D o u t p u t g r a p h . T h e d a t a r e v e a l s
l e s s d i e - t o — d i e a n d w a f e r — t o — w a f e r v a r i a t i o n f o r t h e n e w p r o c e s s ,
b u t t h e r u n — t o — r u n v a r i a t i o n w a s h i g h e r . T h e o v e r a l l p r o c e s s
v a r i a t i o n a p p e a r s t o b e t h e s a m e . F i g u r e 4 r e p r e s e n t s f i l m
t h i c k n e s s l o s s r e p e a t a b i l i t y o n a r u n — t o — r u n b a s i s . M o r e v a r i a t i o n
i s s h o w n i n t h e n e w p r o c e s s . T h e r u n — t o — r u n v a r i a t i o n c o u l d b e
a t t r i b u t e d t o f a c t o r s o t h e r t h a n t h e p r o c e s s . T h e g r o u p i n g o f t h e
r u n s a s s e e n i n F i g u r e 4 ( t h e f i r s t t w o r u n s a p p e a r t o f o r m a
g r o u p a n d t h e l a s t f o u r r u n s f o r m a n o t h e r ) h a p p e n s t o c o i n c i d e
w i t h a c h a n g e i n p e r s o n n e l a t t h e d i e l e c t r i c 1 e t c h e r .
T h e S E M p h o t o m i c r o g r a p h s i n F i g u r e s 5 a n d 6 s h o w t h e t o p o g r a p h y
p r o f i l e o f t h e e x i s t i n g a n d n e w p r o c e s s e s r e s p e c t i v e l y , a f t e r t h e
i m p l a n t m a s k p a t t e r n i n g . T h e d i e l e c t r i c 1 l a y e r c a n n o t b e s e e n
b e c a u s e o f a t h i n d e p o s i t . T h e s i d e w a l l a n g l e a v e r a g e d 8 3 ° , w i t h a
t h r e e s i g m a v a l u e o f 1 . 7 ° , f o r d i e l e c t r i c 2 , a n d 8 3 . 6 ° ( t h r e e s i g m a
o f 1 . 1 0 ) f o r t h e D U V s t a b i l i z e d r e s i s t .
T w o p r o b l e m s w e r e d i s c o v e r e d w i t h t h e d o u b l e r e s i s t p r o c e s s .
T h e f i r s t p r o b l e m e n c o u n t e r e d p e r t a i n e d t o t h e s e c o n d r e s i s t
l a y e r c o v e r a g e o v e r t h e D U V s t a b i l i z e d r e s i s t . S m a l l v — s h a p e d
a r e a s w h e r e t h e r e s i s t d i d n o t a d h e r e w e r e v i s i b l e f a n n i n g o u t
n e a r t h e e d g e o f t h e w a f e r s . T h e r e w a s n o r e s i s t l i f t i n g , i n t h e
r e g i o n s o f p r o p e r c o v e r a g e , d u r i n g t h e p a t t e r n i n g s t e p s , r u l i n g
o u t a n y f u l l - s c a l e a d h e s i o n p r o b l e m s . I t c o u l d b e a m a t t e r o f
s t e p c o v e r a g e , s i n c e t h e f i r s t r e s i s t l a y e r i s o v e r o n e m i c r o n
t h i c k . T h e p h o t o r e s i s t c o a t p r o c e s s m u s t b e i n v e s t i g a t e d f o r
c o v e r a g e i m p r o v e m e n t s .
T h e s e c o n d p r o b l e m s u r f a c e d o n t h e w a f e r s t e p p e r . T h e i o n
i m p l a n t l e v e l w a s a l i g n e d t o t h e p r e v i o u s l e v e l ( d i e l e c t r i c e t c h
m a s k ) . T h e s t e p p e r h a d t r o u b l e r e a d i n g t h e a l i g n m e n t t a r g e t s a n d
k e p t g i v i n g a d i e r o t a t i o n e r r o r . T h e p r o b l e m c o u l d h a v e b e e n t h e
t r a n s f e r o f t h e p o l y s i l i c o n s u r f a c e r o u g h n e s s t h r o u g h t h e r e s i s t
i n t h e a b s e n c e o f t h e D i e l e c t r i c 2 l a y e r . A n a d j u s t m e n t i n t h e
s t e p p e r a u t o - a l i g n m e n t a l g o r i t h m s o l v e d t h e p r o b l e m .
C O N C L U S I O N
T h e d o u b l e r e s i s t p r o c e s s r e q u i r e s s o m e f i n e t u n i n g a t t h i s
p o i n t , h o w e v e r , i t e x h i b i t s p r o m i s e a s a v i a b l e a l t e r n a t i v e t o t h e
e x i s t i n g p r o c e s s . F u t u r e w o r k w o u l d e n t a i l a m o r e r i g o r o u s
e v a l u a t i o n , i n c l u d i n g f u l l d e v i c e p r o c e s s i n g a n d e l e c t r i c a l
t e s t i n g .
A C K N O W L E D G M E N T S
T h e a s s i s t a n c e o f M i k e J a c k s o n , a n d h i s t i m e , w e r e g r e a t l y
a p p r e c i a t e d .
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F i g u r e 4 : P o l y f i l m t h i c k n e s s l o s s a f t e r d i e l e c t r i c e t c h ;
r u n — t o — r u n r e p e a t a b i l i t y .
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Figure 5: SEM photo of existing
resist process.
Figure 6: SEM photo of
resist process.
F U L L Y R E C E S S E D O X I D E I S O L A T I O N T E C H N O L O G Y
F O R N M O S F ~ B R I C ~ T I O N
R o n a l d 6 . J o n e s J r .
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
F u l l y R e c e s s e d O x i d e I s o l a t i o n T e c h n o l o g y
( F R O I T ) a n d L O C O S m e t h o d s w e r e b o t h
f a b r i c a t e d t o v e r i f y i f t h e F R O I T p r o c e s s
p r o v i d e s s o l u t i o n s t o t w o m a j o r p r o b l e m s
a s s o c i a t e d w i t h L O C O S , n a m e l y t h e b i r d ’ s b e a k
f o r m a t i o n a n d s u r f a c e t o p o g r a p h y . T h e F R O I T
p r o c e s s u s e s a t w o s t e p f i e l d o x i d a t i o n a n d
e m p l o y s a n i t r i d e s i d e w a l l t o r e c e s s t h e
o > ~ i d e a n d r e d u c e ~
r e s p e c t i v e l y . T h e S E M r e s u l t s v e r i f i e d t h e
F R O I T p r o c e s s a c h i e v e d t h e d e s i r e d r e s u l t s .
I N T R O D U C T I O N
L o c a l o x i d a t i o n o f s i l i c o n ( L O C O S ) h a s b e e n t h e p r i m a r y
t e c h n i q u e f o r g r o w i n g f i e l d o x i d e i s o l a t i o n b e t w e e n a c t i v e
M O S F E T ’ s . C o n v e n t i o n a l L O C O S i s o l a t i o n t e c h n i q u e s f o r
f a b r i c a t i o n o f M O S F E T S h a v e t w o m a j o r p r o b l e m s t h a t p u t
c o n s t r a i n t s o n d e v i c e f a b r i c a t i o n a n d p e r f o r m a n c e . T h e f i r s t
p r o b l e m i s t h e b i r d ’ s b e a k a n d t h e s e c o n d i s s u r f a c e t o p o g r a p h y .
B i r d ’ s B e a k E n c r o a c h m e n t
I a c t l v e d e v i c e
1 B I r d ’ s b e a k
L
F i g u r e 1 : V i e w s h o w i n g b i r d ’ s b e a k o n a 1 . 5 m i c r o n
a c t i v e a r e a w i d t h [ 1 ] .
F i g u r e 1 i l l u s t r a t e s t h a t d u r i n g f i e l d o x i d a t i o n , n o t o n l y
d o e s t h e o x i d e g r o w s w h e r e t h e r e i s n o m a s k i n g n i t r i d e , b u t s o m e
o x i d a n t d i f f u s e s l a t e r a l l y a t t h e n i t r i d e e d g e s . T h e o x i d a n t
t h a t p e n e t r a t e s t h e e d g e o f t h e S i l i c o n N i t r i d e / p a d o x i d e / s i l i c o n
s t a c k a l l o w s o x i d e t o g r o w u n d e r t h a t e d g e w h i c h c r e a t e s a
l a t e r a l e x t e n s i o n o f t h e f i e l d o x i d e i n t o t h e a c t i v e a r e a . D u ~
t o i t s s h a p e i t h a s b e e n t e r m e d a b i r d ’ s b e a k .
N f t r t d I a y • ~
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T h e l e n g t h o f t h e b i r d ’ s b e a k d e p e n d s o n s e v e r a l p a r a m e t e r s
w h i c h i n c l u d e f i e l d o x i d e t h i c k n e s s , o x i d a t i o n t e m p e r a t u r e a n d
p r e s s u r e , p a d o x i d e t h i c k n e s s , a n d n i t r i d e t h i c k n e s s . T h e
t h i c k e r t h e p a d o x i d e , t h e l e s s e d g e f o r c e p r o v i d e d b y t h e
n i t r i d e a n d t h e m o r e t h e o x i d a n t c a n p e n e t r a t e l a t e r a l l y . T h e
b i r d ’ s b e a k c o u l d b e m i n i m i z e d w i t h i n c r e a s i n g n i t r i d e t h i c k n e s s ,
h o w e v e r t h e m a j o r c o n c e r n b e c o m e s i s t h e h i g h t e n s i l e s t r e s s
a s s o c i a t e d w i t h t h i c k e r n i t r i d e f i l m s . T h i c k n i t r i d e f i l m s c a n
g e n e r a t e d i s l o c a t i o n s i n t h e s i l i c o n , w h i c h d e g r a d e d e v i c e
p e r f o r m a n c e . T h e p a d o x i d e p r o v i d e s a w a y t o r e d u c e t h i s s t r e s s
d u e t o i t s v i s c o u s f l o w . H o w e v e r , p a d o x i d e t o n i t r i d e t h i c k n e s s
r a t i o t o o b t a i n n o d e f e c t s i n t h e s i l i c o n i s l i m i t e d t o 1 : 6 .
T h e l e n g t h o f t h e b i r d ’ s b e a k f o r a t y p i c a l 0 . 5 m i c r o n o x i d e
t h i c k n e s s i s a b o u t 0 . 5 m i c r o n s p e r s i d e . F r o m F i g u r e 1 i t c a n b e
s e e n t h a t f o r a 1 . 5 m i c r o n a c t i v e a r e a , t h e b i r d ’ s b e a k c o n s u m e s
u p t o t w o t h i r d s o f t h e o r i g i n a l a c t i v e a r e a a s d e f i n e d b y t h e
m a s k . T h e r e s u l t o f t h e c r e a t i o n o f t h e b i r d ’ s b e a k i s t h a t t h e
p a c k i n g d e n s i t y o f d e v i c e s a n d l a t e r a l d i f f u s i o n o f t h e f i e l d
a d j u s t i m p l a n t l i m i t d e v i c e p e r f o r m a n c e .
~ i l i m i t i n g f a c t o r i n p r o c e s s i n g s u b m i c r o n g e o m e t r y
I n t e g r a t e d C i r c u i t s i s t h e s m a l l d e p t h o f f o c u s o f t h e o p t i c a l
s t e p p e r s . T o g e t t h e m a x i m u m r e s o l u t i o n f r o m t h e s e s t e p p e r s
e v e r y t h i n g i n t h e f i e l d o f v i e w w i l l h a v e t o b e k e p t w i t h i n t h e
d e p t h o f f o c u s . T h i s m e a n s t h e i m a g i n g s u r f a c e n e e d s t o b e a s
f l a t a s p o s s i b l e . T h i s l e a d s i n t o t h e s e c o n d m a j o r p r o b l e m w h i c h
c o n c e r n s t h e s u r f a c e t o p o g r a p h y o f L O C O S h a s . T h i s l a c k o f
p l a n a r i t y w i l l c a u s e f i l m c o v e r a g e p r o b l e m s a n d l i m i t l i t h o a r a p h y
r e s o l u t i o n i n l a t e r p r o c e s s i n g s t e p s . T h i s e f f e c t c a n b e s e e n i n
F i g u r e 2 w h e r e t h e p h o t o r e s i s t i s t h i n n e d o v e r a s t e p , a n d u p o n
e x p o s u r e , w i l l b e o v e r e x p o s e d . D e v e l o p m e n t o f t h e p h o t o r e s i s t
l i n e w i l l c a u s e n a r r o w i n g o v e r ’ t h e s t e p , w h i c h i s r e f e r r e d t o a s
n e c k i n g .
T o p V i e w
o t r e s l 5 t l i n e
P R O I T /
F i g u r e 2 : T o p v i e w a n d c r o s s s e c t i o n a l v i e w o f a p h o t o r e s i s t l i n e
o v e r a ) F R O I T T 2 < T i < T 3 a n d b ) L O C O S T 2 < T i < T 3 .
T h e F u l l y R e c e s s e d O x i d e I s o l a t i o n T e c h n o l o g y ( F R O I T ) [ 1 , 2 ]
c a n s o l v e t h e t w o m a j o r p r o b l e m s a s s o c i a t e d w i t h L O C O S . ~
c o n v e n t i o n a l s e m i r e c e s s e d f i e l d o x i d e ( L O C O S ) i s f i r s t g r o w n a s
s h o w n i n F i g u r e 3 a - b . T h i s f i e l d o x i d e i s t h e n r e m o v e d w i t h
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b u f f e r e d H F t o p r o v i d e a m o a t o f w e l l c o n t r o l l e d d e p t h a n d
s i d e w a l l a n g l e a s s e e n i n F i g u r e 3 c . T h e s i l i c o n s u r f a c e i s n o w
f r e e o f a n y d r y e t c h i n g d a m a g e a n d a l s o h a s a s h o r t n i t r i d e
o v e r h a n g . N e x t , a s e c o n d t h i n p a d o x i d e i s g r o w n f o l l o w e d b y a
s e c o n d C Y D n i t r i d e t h a t c o n f o r m a l l y c o v e r s a l l s u r f a c e s . A s e l f
a l i g n e d b o r o n c h a n n e l s t o p i m p l a n t i s d o n e ( F i g u r e 3 d ) a n d t h e
s e c o n d n i t r i d e l a y e r i s a n i s o t r o p i c a l l y e t c h e d s o t h a t a s i d e w a l l
s t i l l r e m a i n s f o r o x i d a t i o n m a s k i n g ( F i g u r e 3 e ) . A s e c o n d f i e l d
o x i d e i s g r o w n a n d t h e r e s u l t i s a d e f e c t f r e e , n e a r z e r o b i r d ’ s
b e a k , f u l l y r e c e s s e d o x i d e w i t h g o o d p l a n a r i t y . N o t e t h a t t h e
c o n v e n t i o n a l L O C O S p r o c e s s i n g i s , ~ u s t s t e p 3 a , f o l l o w e d b y t h e
b o r o n i m p l a n t , f o l l o w e d b y s t e p O b .
_ _ _ _ _ _ _ _ _ i l l I r I d . 1 0 0 0 4 O l E w l ~ f l ~ I_ _ _ _ 0 0 1 0 . 2 0 0 A I I _ _ _ _ _ _ _ _ _ _ _ _ _ _ I
, _ % , % - ‘ -
( e )
F I O l A 0 d ~ I I 5 5 0 0 A
~
. ~
• I ~
_ _ • 4 • _ • . •
( c ) c o o s
( 0 )
F i g u r e 3 : M a j o r p r o c e s s i n g s t e p s o f t h e F R O I T p r o c e s s .
O n e k e y p a r a m e t e r t o M O S c i r c u i t p e r f o r m a n c e i s t h e B F 2
i m p l a n t . T e c h n o l o g y m o d e l l i n g A s s o c i a t e s v e r s i o n o f S U P R E M - 3 w a s
u s e d t o m o d e l t h e i m p l a n t i n t h e a c t i v e d e v i c e a r e a a n d t h e f i e l d
o x i d e a r e a . T h e d i f f i c u l t p r o b l e m h e r e w a s t o o p t i m i z e t h e
i m p l a n t d o s e , e n e r g y , a n d t h e s e c o n d n i t r i d e t h i c k n e s s s o t h e
f i e l d a r e a w o u l d h a v e a s u f f i c i e n t t h r e s h o l d v o l t a g e ( g r e a t e r
t h a n 1 0 v o l t s f o r R I T d e s i g n e d N M O S c i r c u i t s ) a n d t h e a c t i v e a r e a
w o u l d b e c o m p l e t e l y m a s k e d b y t h e i m p l a n t a n d d r i v e i n d u r i n g
f i e l d o x i d e g r o w t h . T h e i m p l a n t p a r a m e t e r s d e t e r m i n e d t h a t m e t
t h e d e v i c e p r o c e s s i n g r e q u i r e m e n t s w e r e a b o r o n d o s e o f 3 E 1 4 ,
e n e r g y o f 2 2 K e Y , a n d s e c o n d n i t r i d e t h i c k n e s s o f 6 0 0 A n g s t r o m s .
T h e c o n c e n t r a t i o n p r o f i l e f o r t h e a c t i v e a r e a a f t e r i m p l a n t a n d
f i e l d o x i d e g r o w t h i s s h o w n i n F i g u r e s 4 a . T h e r e s u l t a n t f i e l d
o x i d e t h i c k n e s s w a s s i m u l a t e d t o b e 4 7 0 0 A n g s t r o m s a n d t h r e s h o l d
v o l t a g e ( w i t h a l u m i n u m g a t e ) w a s 1 7 . 8 v o l t s . F i g u r e 4 b s h o w s t h e
c o n c e n t r a t i o n p r o f i l e o f t h e f i e l d a r e a a f t e r o x i d e g r o w t h .
( 0 )
( b )
8 F ~ 0 0 0 1 . 0 1 2 2 0 e v 2 t
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A C T l Y E L E - : A A F T E R F I N A L F : A L D O X I D A T : : .
F I E L D A R E A A ~ T E A F : A A A F E . T o ~ : D A T : D .
: ~
( b )
( a )
F i g u r e 4 : S U P R E M I I I s i m u l a t i o n s .
T h i s p r o j e c t c o m p a r e d t h e F R O I T p r o c e s s t o t h e L O C O S p r o c e s s
t o v e r i f y i f t h e F R O I T s o l v e s t h e p r o b l e m s w i t h L O C O S . A l s o , a n
a t t e m p t w a s m a d e t o a c h i e v e a n a c c e p t a b l e f i e l d t h r e s h o l d v o l t a g e
f o r t h e F R D I T p r o c e s s w i t h o u t i m p l a n t p u n c h t h r o u g h i n t h e d e v i c e
a r e a .
E X P E R I M E N T
A d e s i g n l a y o u t w a s d o n e w i t h R I T ’ s I n t e g r a t e d C i r c u i t
E d i t o r ( I C E ) , a n i n h o u s e d e s i g n t o o l . T h e d e s i g n c o n s i s t e d o f
3 4 0 0 m i c r o n l o n g l i n e s t h a t r e p r e s e n t t h e a c t i v e a n d i s o l a t i o n
r e g i o n s o f a d e v i c e . T h i s d e s i g n a l l o w s f o r e a s e o f c l e a v i n g
s a m p l e s f o r S E M c r o s s s e c t i o n a n a l y s i s . T h e d e s i g n c o n s i s t e d o f
4 , 7 , 1 0 m i c r o n w i d e l i n e s o n t h e m a s k t o d e f i n e a c t i v e a r e a s .
F i e l d r e g i o n s o f 2 , 4 , 6 , 8 , a n d 1 0 m i c r o n s f o r e a c h a c t i v e a r e a
d i m e n s i o n . T h e r e t i c l e w a s m a d e o n f i v e i n c h , h i g h r e s o l u t i o n
e m u l s i o n p l a t e s , u s i n g t h e M A N N 3 0 0 0 p a t t e r n g e n e r a t o r .
T h i r t e e n p - t y p e , < 1 0 0 > , 2 - 7 o h m - c m S i l i c o n w a f e r s w e r e
s c r i b e d a n d R C A c l e a n e d . A 2 0 0 A n g s t r o m s p a d o x i d e w a s g r o w n i n
d r y o x y g e n a t 9 5 0 C . A t t h i s p o i n t t h e w a f e r s w e r e s p l i t t o s e e
t h e e f f e c t s o f t w o d i f f e r e n t f i r s t n i t r i d e t h i c k n e s s e s o n t h e
b i r d ’ s b e a k . W a f e r s 1 , 2 , 6 , 7 , 8 a n d 9 h a d 8 0 0 A o f L P C Y D n i t r i d e
d e p o s i t e d , w h i l e w a f e r s 3 , 4 , 5 , 1 0 , 1 1 , 1 2 a n d 1 3 h a d 1 0 0 0 A
d e p o s i t e d . W a f e r s 6 - 1 3 w e r e c o a t e d w i t h K T I 8 2 0 p h o t o r e s i s t a n d
i m a g e d u s i n g a G C A 4 8 0 0 s t e p p e r . T h e w a f e r s w e r e d e v e l o p e d i n
Z X - 9 3 4 d e v e l o p e r a n d w a t e r 1 : 1 . T h e n i t r i d e w a s p a t t e r n e d b y a n
S F 6 R I E p l a s m a e t c h . T h e p a d o x i d e w a s e t c h e d u s i n g b u f f e r e d H F
a n d t h e r e s i s t w a s a s h e d i n 0 2 p l a s m a . A l l t h i r t e e n w a f e r s w e r e
R C A c l e a n e d a n d a 4 2 0 0 A f i e l d o x i d e w a s g r o w n i n w e t o x y g e n a t
1 0 5 C C f o r 5 5 m i n u t e s . W a f e r s 6 a n d 1 0 w e r e o x i d i z e d f o r a n
a d d i t i o n a l 1 5 m i n u t e s t o o b t a i n a o x i d e t h i c k n e s s o f 4 8 0 0 A .
T h e s e t w o w a f e r s w e r e t h e n p u l l e d f r o m t h e p r o c e s s t o r e p r e s e n t
t h e L D C O S r e s u l t s . .
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T h e f i e l d o x i d e w a s e t c h e d i n b u f f e r e d H F t o p r o v i d e a s h o r t
n i t r i d e o v e r h a n g . ~ s e c o n d 2 0 0 ~ p a d o x i d e l a y e r w a s g r o w n , a n d a
s e c o n d L P C V D n i t r i d e l a y e r o f 6 0 0 ~ n g s t r o m s d e p o s i t e d . t i f t e r t h e
s e l f a l i g n e d B F 2 f i e l d i m p l a n t w i t h e n e r g y o f 2 2 K e Y a n d d o s e o f
3 E 1 4 / c m 2 o n t h e r e m a i n i n g w a f e r s , e x c e p t f o r w a f e r s 2 a n d 4 , t h e
s e c o n d L P C V D n i t r i d e w a s e t c h e d a n i s o t r o p i c a l l y . T h e n t h e s e c o n d
p a d o x i d e w a s e t c h e d i n b u f f e r e d H F o n a l l r e m a i n i n g w a f e r s
e x c e p t 1 , 2 , 3 a n d 4 . W a f e r s 7 a n d 1 1 w e r e r e m o v e d f r o m p r o c e s s i n g
a t t h i s p o i n t f o r S E M c r o s s s e c t i o n a n a l y s i s . ~ f t e r a R C ~ c l e a n
o n a l l r e m a i n i n g w a f e r s ( 1 - 5 , 8 , 9 , 1 2 , 1 3 ) , t h e s e c o n d f i e l d o x i d e
w a s g r o w n i n w e t o x y g e n a t 1 1 0 0 C f o r 5 6 m i n u t e s t o a c h i e v e a
f i e l d o x i d e t h i c k n e s s o f 5 5 0 0 g . T h e n i t r i d e w a s s t r i p p e d i n 1 6 0 C
p h o s p h o r i c a c i d a n d t h e n t h e p a d o x i d e w a s r e m o v e d i n b u f f e r e d H F
f o r w a f e r s 6 , 1 0 , 8 a n d 1 2 . W a f e r 5 w a s s p l i t i n h a l f , t h e n
p r o c e s s e d t h r o u g h t h e a d d i t i o n a l h o t p r o c e s s s t e p s r e q u i r e d f o r
N M D S f a b r i c a t i o n . T h e a d d i t i o n a l p r o c e s s i n g i n c l u d e d 1 6 0 m i n u t e s
a t 9 0 0 C a n d 1 0 0 m i n u t e s a t 9 5 0 C . P i l u m i n u m w a s e v a p o r a t e d o n
w a f e r s 1 - 5 , i n c l u d i n g b o t h h a l v e s o f w a f e r 5 . C a p a c i t a n c e
v o l t a g e m e a s u r e m e n t s w e r e m a d e o n w a f e r s 1 - 5 . S E M c r o s s s e c t i o n
a n a l y s i s w a s d o n e o n w a f e r s 6 , 1 0 , 8 a n d 1 2 c o m p a r i n g s t a n d a r d
L O C O S v s . F R O I T .
R E S U L T S / D I S C U S S I O N
T h e S E M r e s u l t s o f t h e F R O I T v s . L O C O S p r o c e s s e s w i t h 1 0 0 0 ~
n i t r i d e o v e r d e v i c e a r e a d u r i n g o x i d a t i o n c a n b e s e e n i n F i g u r e s
5 a n d 6 . F i g u r e 5 a s h o w s a S E M o f F R O I T v s . L O C O S f o r a 2
m i c r o n f i e l d r e g i o n m a s k . T h e s a m p l e w a s p r e p a r e d b y c o a t i n g
w a f e r s w i t h p h o t o r e s i s t , c l e a v i n g t h e w a f e r a n d e t c h i n g S i 0 2 a w a y
i n b u f f e r e d H F . N o m i n a l S E M m a g n i f i c a t i o n w a s 4 0 K X . K n o w i n g
o x i d e t h i c k n e s s f r o m N a n o s p e c m e a s u r e m e n t , a n a t t e m p t w a s m a d e t o
q u a n t i f y t h e e x t e n t o f t h e b i r d ’ s b e a k . T h e f i e l d o x i d e
t h i c k n e s s w a s 4 8 0 0 P ~ a n d t h e b i r d ’ s b e a k w a s m e a s u r e d t o b e 0 . 2 2
m i c r o n / s i d e . F i g u r e S b i s t h e L O C O S p r o c e s s w i t h 4 S 0 0 ~ f i e l d
o x i d e t h i c k n e s s a n d 0 . 2 7 m i c r o n / s i d e b i r d ’ s b e a k . F i g u r e 6 a i s
t h e F R O I T p r o c e s s w i t h a 4 m i c r o n d e s i g n e d i s o l a t i o n w i d t h , 4 8 0 0
~ f i e l d o x i d e t h i c k n e s s a n d 0 . 2 5 m i c r o n / s i d e b i r d ’ s b e a k . F i g u r e
6 b i s t h e L O C O S p r o c e s s w i t h a m i c r o n d e s i g n e d i s o l a t i o n w i d t h ,
4 5 0 0 ~ f i e l d o x i d e t h i c k n e s s a n d 0 . 3 2 m i c r o n / s i d e b i r d ’ s b e a k .
T h u s t h e F R O I T p r o c e s s w a s s u p e r i o r t o t h e L O C O S p r o c e s s w i t h
r e s p e c t t o r e d u c t i o n o f b i r d ’ s b e a k . F r o m t h e S E M r e s u l t s i n
F i g u r e 5 a n d 6 i t c a n b e s e e n t h a t t h e i s o l a t i o n o x i d e i n t h e
F R O I T p r o c e s s w a s f u l l y r e c e s s e d w i t h r e s p e c t t o t h e s i l i c o n
s u r f a c e . T h e L O C O S p r o c e s s r e s u l t e d i n t h e t y p i c a l s e m i r e c e s s e d
o x i d e i s o l a t i o n . T h e F R O I T p r o c e s s a l s o w a s p r o v e d t o p r o v i d e a
r e d u c e d b i r d ’ s b e a k .
T h e f i e l d t h r e s h o l d v o l t a g e f o r t h e F R O I T p r o c e s s w a s
m e a s u r e d t o b e 1 5 . 7 v o l t s . T h i s r e s u l t d i f f e r e d b y 1 1 . 8 ~ l e s s
t h a n t h e S U P R E M s i m u l a t e d r e s u l t . T h e w a f e r t h a t h a d t h e
a d d i t i o n a l p r o c e s s i n g t o s i m u l a t e t h e c o m p l e t e N M D S f a b r i c a t i o n
p r o c e s s h a d a f i e l d t h r e s h o l d v o l t a g e o f 1 3 . 2 v o l t s . T h e s e
r e s u l t s s h o w t h a t t h e i m p l a n t d o s e a n d e n e r g y c h o s e n w e r e
s u f f i c e n t t o p r o v i d e a t h r e s h o l d v o l t a g e g r e a t e r t h a n 1 0 v o l t s
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f o r t h i s p r o c e s s . T h e r e s u l t o f C V m e a s u r e m e n t s o n b e f o r e a n d
a f t e r f i e l d i m p l a n t w a f e r s s h o w e d a t h r e s o l d v o l t a g e o f - 0 . 6 a n d
- 0 . 8 v o l t s . T h e s e n u m b e r s a r e b a s i c a l l y t h e s a m e s o i t i s s a f e
t o s a y t h e i m p l a n t d i d n o t p e n e t r a t e t h e t h i c k n i t r i d e m a s k . I f
i t h a d t h e t h r e s h o l d v o l t a g e w o u l d h a v e s h i f t e d . T h u s , i t w a s
v e r i f i e d t h a t t h e i m p l a n t d i d n o t p e n e t r a t e t h r o u g h t o a c t i v e
d e v i c e a r e a .
D u e t o t i m e c o n s t r a i n t s a n d t h e d i f f i c u l t y t o p r e p a r e t h e
S E M s a m p l e s t h e w a f e r s w i t h 8 0 0 ~ n i t r i d e o v e r t h e d e v i c e a r e a
d u r i n g o x i d a t i o n w e r e n o t i n s p e c t e d .
( a )
( b )
F i g u r e 5 : a ) F R Q I T a n d b ) L O C O S w i t h 2 m i c r o n d e s i g n e d i s o l a t i o n .
( a )
F i g u r e 6 : a ) F R D I T w i t h 4 m i c r o n d e s i g n e d i s o l a t i o n .
7 1
( b )
F i g u r e 6 : b ) L O C O S w i t h 4 m i c r o n d e s i g n e d i s o l a t i o n .
C D N C L U S I D N
T h e F R Q I T a n d L O C O S m e t h o d s f o r o x i d e i s o l a t i o n w e r e
p r o c e s s e d a n d c o m p a r e d . I t w a s s e e n t h e F R O I T p r o c e s s p r o v i d e d
s o l u t i o n s t o t h e L O C D S p r o c e s s p r o b l e m s w i t h r e s p e c t t o
e i l m i n a t i n g s u r f a c e t o p o g r a p h y . T h e F R O I T p r o c e s s a l s o r e d u c e d
t h e b i r d ’ s b e a k b y a r a v e r a g e o f 2 3 ~ . ~ n a c c e p t a b l e f i e l d o x i d e
t h r e s h o l d v o l t a g e w a s a c h i e v e d , 1 3 . 2 v o l t s a f t e r c o m p l e t e d e v i c e
c r o c e s s i n g , w i t h t h e a i d o f u s i n g S U P R E M I I I t o m a k e
d e t e r m i n a t i o n o f t h e p r o c e s s i n g p a r a m e t e r s . ( ~ s i n t e n d e d t h e B F 2
f i e l d a d 5 u s t i m p l a n t d i d n o t p e n e t r a t e t h r o u g h t h e a c t i v e d e v i c e
a r e a . T h i s w a s t r u e s i n c e t h e C V m e a s u r e m e n t s s h o w e d n o c h a n g e
j r b e f o r e a r i d a f t e r i m p l a n t t h r e s h o l d v o l t a g e s .
~ C K N O W L E D G M E N T S
I w o u l d l i k e t o t h a n k t h e f o l l o w i n g p e o p l e f o r t h e i r
c o n t r i b u t i o n s t o m y p r o D e c t : M i k e J a c k s o n . R o b P e a r s o n , D r .
R i c h a r d L a n e , D r . L y n n F u l l e r , S c o t t B l o r i d e l l , M a r k K l a r e , a n d
G a r y R u r k l e .
R E F E R E N C E S
[ 1 1 S t a n l e y W o l f , S i l i c o n P r o c e s s i n g f o r t h e V L S I E r a ( V o l u m e 2 )
P r o c e s s i n t e g r ~ ~ n , i s t e d a t t i c e P r e s s . S Z ~ ~ t , C a l i f
1 9 9 0 ) , p 1 2 - 4 4
[ 2 ] H . H . T s a i e t a l . , I E E E T r a n s . E l e c t D c v . , p . 9 6 , ( M a r c h 1 9 8 6 ) .
[ 3 ] S t a n l e y W o l f a n d R i c h a r d T a u b e r , S i l i c o n P r o c e s s i n g f o r t h e
V L S I E r a ( V o l u m e 1 ) P r o c e s s T e c h n o l o g y , l s t e d . ( L a t t i c e
P r e s s , S u ~ T ~ ~ i T i f 1 9 8 6 ) , p 2 9 0 - 3 0 7
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A L I G N M E N T E R R O R C H A R A C T E R I Z A T I O N U S I N G
E L E C T R I C A L P R O B I N G T E C H N I Q U E S
J e f f r e y D . K o s a
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
A t e c h n i q u e f o r e l e c t r i c a l l y m e a s u r i n g a l i g n m e n t e r r o r s i s d e
s c r i b e d a n d e m p l o y e d t o c h a r a c t e r i z e a G C A 4 8 0 0 D S W s t e p p e r .
T h e e x p e r i m e n t a l a c c u r a c y w a s d e t e r m i n e d t o b e + I ~ 0 . 0 5 m i c r o n s
f o r a l l l i n e - w i d t h m e a s u r e m e n t s . T h e G C A 4 8 0 0 s t e p p e r ’ s d a y -
t o - d a y p e r f o r m a n c e w a s d e t e r m i n e d t o f l u c t u a t e b e t w e e n 0 a n d - 1
m i c r o n i n X a n d b e t w e e n 0 a n d + 2 m i c r o n s i n Y . A v e r a g e a l i g n
m e n t r a n g e s o f + I ~ 0 . 7 4 a n d ÷ 1 - 0 . 9 5 m i c r o n s i n X a n d Y w e r e o b
s e r v e d a c r o s s f o u r s a m p l e s d u r i n g t h e w a f e r - t o - w a f e r v a r i a t i o n
t e s t i n g w i t h i n o n e r u n . T h e s e e r r o r s w e r e d i r e c t l y r e l a t e d t o t h e
a c c u r a c y o f t h e “ p a s s - s h i f t ” v a l u e s u s e d b y t h e s t e p p e r ’ s c o n t r o l
s o f t w a r e .
I N T R O D U C T I O N
R e d u c t i o n s i n t h e m i n i m u m d e v i c e g e o m e t r i e s u s e d b y t h e s e m i c o n d u c t o r i n d u s t r y c a n b e d i
r e c t l y c o r r e l a t e d t o t h e o v e r l a y e r r o r s t h a t o c c u r d u r i n g l i t h o g r a p h y . T h e s e e r r o r s i n c l u d e t r a n s l a t i o n s ,
r o t a t i o n s , a n d d i s t o r t i o n s , w h i c h c a n b e t r a c e d t o m e c h a n i c a l , c h e m i c a l , a n d e n v i r o n m e n t a l f a c t o r s [ 1 ] .
T h e m e c h a n i c a l e r r o r s c a n b e i n d u c e d b y l a c k o f s t a g e p r e c i s i o n o r i m p r o p e r a l i g n m e n t d u e t o o p e r a t o r
e r r o r . T h e c h e m i c a l e r r o r s c a n b e c a u s e d b y p a t t e r n s h i f t d u r i n g a c r y s t a l l i n e l a y e r g r o w t h p r o c e s s .
T h e t e m p e r a t u r e a n d h u m i d i t y i n t h e v i c i n i t y o f t h e l i t h o g r a p h i c t o o l c a n a l s o c a u s e e r r o r s d u e t o t h e
h e a t i n g o f s t a g e a n d o p t i c a l c o m p o n e n t s . O f t h e t h r e e , t h e m a i n s o u r c e o f o v e r l a y e r r o r i s c a u s e d b y
m e c h a n i c a l p o s i t i o n i n g e r r o r s w h i c h p r o d u c e w a f e r - t o - r e t i c l e m i s r e g i s t r a t i o n . A c c o r d i n g t o
R o t t m a n n , “ t h e r e d u c t i o n o f o v e r l a y e r r o r s s h o u l d p l a y a d e c i s i v e r o l e i n f u t u r e l i t h o g r a p h i c d e v e l o p
m e n t s [ 1 ] . ”
O v e r l a y e r r o r s m a y b e c h a r a c t e r i z e d t h r o u g h t h e u s e o f e l e c t r i c a l p r o b i n g t e c h n i q u e s . T h e
o v e r l a y i n f o r m a t i o n w h i c h c a n b e d e r i v e d f r o m e l e c t r i c a l p r o b e d a t a i n c l u d e s p a t t e r n l i n e w i d t h s , X a n d
Y a l i g n m e n t t r a n s l a t i o n s , l o c a l ( w i t h i n a d i e ) a n d g l o b a l ( a c r o s s a w a f e r ) r o t a t i o n s , a n d m a g n i f i c a t i o n
e r r o r s . T h i s m e t h o d o f a n a l y s i s c a n b e u s e d t o e v a l u a t e a n y l i t h o g r a p h i c t o o l , b u t , s o m e o f t h e p a r a m
e t e r s a n d c a l c u l a t i o n s d o n o t a p p l y t o c o n t a c t o r s c a n n i n g t o o l s . C o m p a r i s o n s o f e l e c t r i c a l a n d o p t i c a l
i n s p e c t i o n s u s i n g a S E M d e t e r m i n e d t h e e x p e r i m e n t a l a c c u r a c y o f e a c h m e t h o d t o b e + 1 - 1 % a n d + 1 -
2 . 5 % , r e s p e c t i v e l y . T h e s e r e s u l t s i n d i c a t e a m e a s u r e m e n t p r e c i s i o n o f + / - 0 . 0 1 m i c r o n s f o r r e p e a t e d
m e a s u r e m e n t s o f a 1 . 0 m i c r o n w i d e l i n e [ 2 , 3 , 4 ] .
T h e e l e c t r i c a l t e s t s t r u c t u r e s u s e d f o r t h i s p r o j e c t w e r e d e s i g n e d t o b e s i m i l a r t o t h o s e u s e d b y
t h e P r o m e t r i x c o m p a n y f o r u s e w i t h t h e i r a u t o m a t e d L i t h o M a p L M 2 O p r o b i n g s t a t i o n [ 2 ] . T h e t e s t d e
v i c e s w e r e d o p e d p o l y s i l i c o n “ r e s i s t o r s ” o n a n i n s u l a t i n g s i l i c o n d i o x i d e l a y e r . T h e s t r u c t u r e s i n c l u d e d
V a n d e r P a u w t e s t c e l l s , o p t i c a l v e m i e r s a n d s p e c i a l F u l l - K e l v i n l i n e w i d t h m e a s u r e m e n t d e v i c e s . A
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F u l l - K e l v i n d e v i c e i s a f o u r ( o r m o r e ) t e r m i n a l s t r u c t u r e w h i c h i s t y p i c a l l y u s e d t o m e a s u r e s h e e t r e s i s
t a n c e s . I n t h i s c a s e , i t c o n s i s t e d o f f o u r s y m m e t r i c a l l y p o s i t i o n e d , d o p e d p o l y s i i c o n r e s i s t o r s d e f i n e d
b y t w o s e p a r a t e l i t h o g r a p h i c e x p o s u r e s a n d d r y e t c h s t e p s . T h e f i r s t p a t t e r n a n d e t c h s t e p p r o d u c e d t h e
b a s e l e v e l s o f e a c h d i e c o n s i s t i n g o f t h e V a n d e r P a u w a n d K e l v i n s t r u c t u r e s w i t h n o m i n a l l i n e w i d t h s
o f 2 0 m i c r o n s . T h e s e c o n d l i t h o g r a p h y a n d e t c h s t e p w a s u s e d t o r e d u c e t h e l i n e w i d t h o f s p e c i f i c r e
g i o n s o n t h e m e a s u r e m e n t d e v i c e s . T h e V a n d e r P a u w a n d K e l v i n s t r u c t u r e s s h o w n i n F i g u r e 1 w e r e
u s e d t o d e t e r m i n e t h e e x p e r i m e n t a l s h e e t r e s i s t a n c e . T h a t v a l u e w a s t h e n u s e d t o d e t e r m i n e t h e
l i n e w i d t h s o n t h e m e a s u r e m e n t s t r u c t u r e . P l o t s o f a c t u a l d e v i c e s h a v e b e e n i n c l u d e d i n A p p e n d i x A .
F i g u r e 1 : S a m p l e t e s t c e l l s c o n t a i n i n g a ) V a n d e r P a u w a n d K e l v i n s h e e t r e s i s t a n c e
s t r u c t u r e s a n d b ) I i n e w i d t h m e a s u r e m e n t d e v i c e .
A f o u r - p o i n t p r o b e d e t e r m i n a t i o n o f t h e l o c a l s h e e t r e s i s t a n c e i s m a d e u s i n g t h e V a n d e r P a u w
o r K e l v i n s t r u c t u r e s . T h e p o l y s i l i c o n ’ s s h e e t r e s i s t a n c e i s c o m p u t e d f r o m t h e I - V r e l a t i o n s h i p i n t h e
f o l l o w i n g e q u a t i o n :
R 5 = i t / ( 1 n 2 ) ( V / I ) ( 1 )
T h e e x p e r i m e n t a l l i n e w i d t h s a r e f o u n d u s i n g t h e R S f r o m E q u a t i o n 1 a n d m e a s u r e d v a l u e s o f I a n d V
f r o m a t e s t d e v i c e i n t h e f o l l o w i n g e q u a t i o n :
W = ( R 8 ) ( L ) ( I / V ) ( 2 )
W h e r e L i s t h e d e s i g n e d l e n g t h b e t w e e n t h e t a p - o f f s ( m i c r o n s ) o n t h e m e a s u r e m e n t d e v i c e s .
T h e l i n e w i d t h s o n e a c h s i d e o f t h e m e a s u r e m e n t d e v i c e a r e d e t e r m i n e d b y t h e a c c u r a c y o f t h e
s e c o n d a l i g n m e n t . I f a t r a n s l a t i o n i n t h e n e g a t i v e x d i r e c t i o n o c c u r r e d d u r i n g t h e a l i g n m e n t , t h e l i n e o n
t h e r i g h t s i d e w i l l b e w i d e r t h a n t h e l i n e o n t h e l e f t s i d e . T h e a m o u n t o f t r a n s l a t i o n i s c a l c u l a t e d b y t a k
i n g t h e a v e r a g e o f t h e d i f f e r e n c e b e t w e e n c o r r e s p o n d i n g l i n e w i d t h s [ 2 , 4 ] . T h e s a m e t h e o r y a p p l i e s t o
t h e m e a s u r e m e n t o f t h e l i n e s o n t h e t o p a n d b o t t o m o f t h e t e s t d e v i c e . T h e d i a g r a m s i n F i g u r e 2 i l l u s
t r a t e h o w t h e l i n e w i d t h m e a s u r e m e n t t e c h n i q u e s a r e u s e d t o d e t e r m i n e t h e e x p e r i m e n t a l t r a n s l a t i o n s a n d
w h e r e t h o s e t r a n s l a t i o n s w e r e m e a s u r e d t o c h a r a c t e r i z e a w a f e r .
T a b l e 1 l i s t s t h e e q u a t i o n s w h i c h a r e n e c e s s a r y t o c o m p l e t e l y c h a r a c t e r i z e t h e a l i g n m e n t e r r o r s
o f a c o m m o n s t e p p e r u s i n g t h e m o d e l s d e s c r i b e d b y B r u n n e r a n d P e t r i l l o [ 2 ] . T h e t e r m “ l o c a l ” r e f e r s
t o m e a s u r e m e n t s m a d e w i t h i n o n e d i e a n d D x a n d D y r e f e r t o t h e d i s t a n c e s i n d i c a t e d i n F i g u r e 2 . T h e
s u b s c r i p t s L , R , T a n d B r e f e r t o t h e w a f e r l o c a t i o n s a s s h o w n i n F i g u r e 2 .
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T h i s e l e c t r i c a l p r o b e t e c h n i q u e h a s s o m e d e s i r a b l e , i n h e r e n t a d v a n t a g e s o v e r o p t i c a l e v a l u a
t i o n s . S o m e o f t h e s e r e a s o n s a r e : h i g h l y a c c u r a t e ( . 0 1 m i c r o n s ) , s e l f - c a l i b r a t i n g ( l o c a l i z e d s h e e t r e s i s
t a n c e s ) , n o n - t o o l - s p e c i f i c , e a s y t o a u t o m a t e o n m o s t e q u i p m e n t a n d d a t a c a n b e s t o r e d i n d a t a b a s e s f o r
a n a l y s i s o v e r l o n g p e r i o d s o f t i m e . S o m e o b v i o u s d i s a d v a n t a g e s a r e t h a t i t i s d i f f i c u l t t o i n t e g r a t e i n t o
m o s t p r o c e s s e s a n d t h a t t h e p r o c e s s i n g e x t e n d s t h e t i m e t o g e t r e s u l t s .
A X A N D A Y
M E A S U R E D A T E A C H L O C A T I O N
I N D I C A T E D A B O V E
F i g u r e 2 : a ) E x a m p l e o f m e a s u r e m e n t p r i n c i p l e s a n d b ) w a f e r l o c a t i o n s w h e r e m e a
s u r e m e n t s w e r e t a k e n .
T a b l e 1 : L i n e a r e q u a t i o n s f o r a l i g n m e n t e r r o r c h a r a c t e r i z a t i o n .
T h i s p r o j e c t a p p l i e d t h e s e e l e c t r o n i c m e a s u r e m e n t m e t h o d s t o a G C A 4 8 0 0 D S W s t e p p e r . A
d e t e r m i n a t i o n o f t h e a c c u r a c y a n d r e p e a t a b i l i t y o f t h e m e a s u r e m e n t t e c h n i q u e w a s p e r f o r m e d . T h e
d a y - t o - d a y p e r f o r m a n c e w a s e v a l u a t e d f o r t w o r u n s o f t h r e e w a f e r s e a c h . W a f e r - t o - w a f e r v a r i a t i o n o f
a l i g n m e n t e r r o r s w i t h i n a r u n w e r e a l s o i n v e s t i g a t e d .
E X P E R I M E N T
T w e l v e 3 i n c h s i l i c o n w a f e r s w e r e s c r i b e d w i t h a r e f e r e n c e n u m b e r ( 1 t h r o u g h 1 2 ) a n d c l e a n e d
i n 1 0 : 1 d i l u t e d H F a c i d . A l l w a f e r s h a d a p p r o x i m a t e l y 5 0 0 0 A n g s t r o m s o f s i l i c o n d i o x i d e g r o w n o n
t h e m i n a w e t o x y g e n a m b i e n t a t 1 1 0 0 d e g r e e s C e l s i u s . A p p r o x i m a t e l y 5 0 0 0 A n g s t r o m s o f L P C V D
p o l y s i i c o n w a s t h e n d e p o s i t e d o n a l l o f t h e w a f e r s . T h e p o l y s i l i c o n l a y e r w a s d o p e d u s i n g a n ’ n - t y p e
~ : : F I R S T L E V E L P O L Y S ! U C O N
D E F I N E D B Y F I R S T E T C H
• A R E A R E M O V E D D U R I N G
S E C O N D E T C H
X E r r o r ( l o c a l ) i ~ i X ( W L - W R ) / 2 ( 3 )
Y E r r o r ( l o c a l ) t ~ Y = ( W B - W T ) / 2 ( 4 )
X T r a n s l a t i o n ~ z ~ X / n ( 5 )
Y T r a n s l a t i o n ~ ~ Y / n ( 6 )
X R o t a t i o n G x ( z ~ X T - z ~ X B ) / D x ( 7 )
Y R o t a t i o n O y = ( t ~ Y R - ~ Y L ) / D y ( 8 )
X M a g n i f i c a t i o n M x = ( ~ . X R - i ~ X L ) / D x ( 9 )
Y M a g n i f i c a t i o n M y = ( ~ Y T - z ~ Y B ) / D y ( ~ )
R o t a t i o n ( T o t a l ) O T o t a l = ( O x + O y ) / 2 ( 1 1 )
S k e w A n g l e O S k e w = ( O x - O y ) / 2 ( 1 2 )
M a g n i f i c a t i o n ( T o t a l ) M T o t a l = ( M x + M y ) / 2 ( 1 3 )
. . A • • . . . . . .
~
0 — — — — —
. . . . . . . . ~ . ~ . .
— —
— — . . — _ — — .
A l A 2 A 3 8 1 B 2 8 3
S a m p l e
~ ~ D E L T A X ~ D E L T A V
3
t 3 2
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F i g u r e 3 : S u m m a r y o f X a n d Y t r a n s l a t i o n s .
T h e r e s u l t s f r o m t h e w a f e r - t o - w a f e r v a r i a t i o n o f o v e r l a y e r r o r s a c r o s s f o u r w a f e r s a t 1 0 l o c a
t i o n s o n e a c h s a m p l e h a v e b e e n s u m m a r i z e d i n T a b l e 2 . ( A l l v a l u e s b e l o w a r e i n m i c r o n s . ) T h e s a m -
p i e s w h i c h w e r e e v a l u a t e d e x h i b i t e d a r a n g e o f 1 . 4 8 t o 1 . 9 1 m i c r o n s i n X a n d Y , r e s p e c t i v e l y , a c r o s s
a n y s a m p l e . T h i s r a n g e i s c o n s i d e r a b l y h i g h e r t h a n e x p e c t e d f o r a s t e p p e r w i t h a s t a g e p r e c i s i o n o f
0 . 0 2 m i c r o n s . T h e a g e a n d c o n d i t i o n o f t h e e q u i p m e n t m a y b e t h e u n d e r l y i n g f a c t o r s w h i c h c a u s e d
t h e s e g r o s s a l i g n m e n t e r r o r s .
S a m t l e I S a m u l e 2 S a m o l e 3 S a m p l e 4 A v e r a g e
A v e r a g e A X 0 . 6 0 0 . 9 5 0 . 7 1 0 . 7 3 0 . 7 5
S t d . D e v . A X 0 . 8 8 0 . 4 6 0 . 5 0 0 . 4 5 0 . 5 7
R a n g e A X 2 . 0 2 1 . 4 3 1 . 2 7 1 . 2 0 1 . 4 8
A v e r a g e A Y 1 . 1 8 0 . 6 5 0 . 7 7 - 2 . 3 3 0 . 0 7
S t d . D e v . A Y 0 . 8 5 0 . 6 4 0 . 5 5 0 . 5 5 0 . 6 5
R a n g e A Y 2 . 4 4 1 . 8 6 1 . 5 2 1 . 8 1 1 . 9 1
T a b l e 2 : S u m m a r y o f w a f e r - t o - w a f e r u n i f o r m i t y t e s t i n g .
T h e d a t a w . a s a l s o c o m p i l e d i n t o h i s t o g r a m s f o r X a n d Y e r r o r s i n F i g u r e 4 i n o r d e r t o p r o v i d e
a p i c t o r i a l v i e w o f h o w t h e d a t a p o i n t s w e r e d i s t r i b u t e d a c r o s s t h e f o u r s a m p l e w a f e r s . T h e h i s t o g r a m
o f X t r a n s l a t i o n s s h o w s t h a t m o s t o f t h e o v e r l a y e r r o r s w e r e c o n c e n t r a t e d b e t w e e n + 0 . 5 a n d + 2 . 5 m i
c r o n s w i t h t h e c e n t e r o f t h e d a t a o c c u r r i n g a r o u n d + 1 . 5 m i c r o n s . S i n c e o n l y a f e w m e a s u r e m e n t s
“ s t r a y ” f r o m t h e r e m a i n d e r o f t h e d a t a , t h e r e p e a t a b i l i t y i n t h e X d i r e c t i o n c a n b e c o n s i d e r e d q u i t e
g o o d . O n t h e o t h e r h a n d , t h e h i s t o g r a m o f Y e r r o r s s h o w s a d i f f e r e n t s i t u a t i o n . T h e a l i g n m e n t t r a n s
l a t i o n s i n Y s h o w a b i - h u m p e d “ r a n d o m ” d i s t r i b u t i o n o f d a t a c e n t e r e d a b o u t z e r o . T h i s w o u l d s u g g e s t
t h a t t h e r e p e a t a b i l i t y i n Y c a n n o t b e c o n t r o l l e d a s a c c u r a t e l y a s t h e X d i r e c t i o n .
“ P a s s - s h i f t s ” a r e c o r r e c t i o n f a c t o r s w h i c h a r e e n t e r e d i n t o t h e s t e p p e r ’ s c o n t r o l s o f t w a r e a n d
a r e u s e d t o c o m p e n s a t e f o r r e t i c l e c o n s t r u c t i o n a n d a l i g n m e n t e r r o r s . T h e d a y - t o - d a y r e p e a t a b i l i t y o f
t h e G C A 4 8 0 0 w a s d e t e r m i n e d t o b e a f u n c t i o n o f t h e p a s s - s h i f t a c c u r a c y . T h e j o b f i l e o n t h e s t e p p e r
m u s t b e u p d a t e d f o r e a c h r u n b y e x p o s i n g “ s e n d - a h e a d ” w a f e r s ( o r d i e ) a n d e v a l u a t i n g t h e a c c u r a c y o f
t h e p a s s - s h i f t o n a v e r n i e r s t a g e m i c r o s c o p e . T h e w a f e r - t o - w a f e r d a t a w h i c h w a s c o l l e c t e d s u g g e s t s
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A l l i e d S i g n a l s p i n - o n ( p h o s p h o r u s ) d i f f u s i o n s o u r c e .
A l l w a f e r s w e r e p a t t e r n e d u s i n g K T I - 8 2 0 p o s i t i v e p h o t o r e s i s t w h i c h w a s e x p o s e d u s i n g a d o s e
o f 6 0 m i l l i j o u l e s p e r s q u a r e c e n t i m e t e r o n a G C A 4 8 0 0 D S W s t e p p e r . A l l w a f e r s w e r e t h e n d e v e l o p e d
a n d p o s t - b a k e d . A S F 6 ( 1 0 . 3 s c c m ) a n d 0 2 ( 3 . 3 s c c m ) d r y p l a s m a e t c h ( 1 3 0 W a t t s , 1 m i n u t e a t . 6 5 0
T o r r ) w a s u s e d t o p a t t e r n t h e p o l y s i l i c o n . A n o x y g e n p l a s m a a s h w a s u s e d t o r e m o v e a l l o f t h e p h o
t o r e s i s t . T h e s a m e p r o c e s s i n g t e c h n i q u e s a n d e q u i p m e n t w e r e u s e d t o d e f i n e t h e s e c o n d l e v e l o n a l l o f
t h e w a f e r s . A f i n a l D H F d i p w a s u s e d t o c l e a n a l l s a m p l e s b e f o r e g o i n g o n t o t h e t e s t i n g a r e a . A s u m
m a r y o f a c t u a l p r o c e s s i n g s t e p s h a s b e e n p r o v i d e d i n A p p e n d i x B .
T h e r e q u i r e d c u r r e n t a n d v o l t a g e m e a s u r e m e n t s w e r e m a d e u s i n g a 1 2 - p a d p r o b e c a r d , 2 d i g i t a l
v o l t m e t e r s a n d a p o w e r s u p p l y ( u s e d t o p r o v i d e c u r r e n t ) . T h e p r o b e c a r d m a d e c o n t a c t t o a l l o f t h e
p a d s a t t h e s a m e t i m e , a n d t h e s i g n a l s g o i n g t o t h e m e t e r s w e r e s w i t c h e d u s i n g a h o m e m a d e s w i t c h
b o x r a t h e r t h a n p h y s i c a l l y e x c h a n g i n g w i r e s . A l l p e r t i n e n t d a t a w a s r e c o r d e d a n d t h e d a t a w a s l a t e r
i n p u t i n t o a s p r e a d s h e e t i n o r d e r t o p e r f o r m c o m p u t a t i o n s a n d s t a t i s t i c s .
R E S U L T S / D T S C U S S I O N
T h e t w e l v e w a f e r s w e r e b r o k e n i n t o t h r e e g r o u p s b e f o r e t e s t i n g b e g a n . T h e m e a s u r e m e n t a c
c u r a c y w a s d e t e r m i n e d u s i n g a r a n d o m l y s e l e c t e d c e l l o n w a f e r 2 . W a f e r s 1 , 6 , a n d 1 2 w e r e u s e d f o r
G r o u p A o f t h e d a y - t o - d a y t e s t i n g a n d w a f e r s 1 0 , 1 1 , a n d 5 c o m p r i s e d G r o u p B f o r t h e s a m e t e s t .
W a f e r s 3 , 7 , 8 , a n d 9 w e r e p r o b e d t o d e t e r m i n e t h e w a f e r - t o - w a f e r v a r i a t i o n . T h e o p t i c a l v e r n i e r s
w e r e d e s i g n e d t o p r o v i d e r e a d i n g s b e t w e e n + 1 - 2 . 5 m i c r o n s , h o w e v e r , t h e f i n a l p a t t e r n w a s d i s t o r t e d
b y t h e l i t h o g r a p h y a n d e t c h i n g s t e p s a n d n o c o n f i d e n t o b s e r v a t i o n s c o u l d b e m a d e f r o m t h e m .
T w e l v e m e a s u r e m e n t s o n t h e s a m e K e l v i n s t r u c t u r e w e r e m a d e t o d e t e n n i n e t h e a c c u r a c y a n d
r e p e a t a b i l i t y o f t h e e l e c t r i c a l p r o b i n g t e c h n i q u e . T h e d a t a p r o d u c e d a n a v e r a g e l i n e w i d t h o f 1 0 . 6 9 m i
c r o n s , w i t h a s t a n d a r d d e v i a t i o n o f 0 . 0 5 m i c r o n s . A + 1 - 0 . 0 5 m i c r o n t o l e r a n c e w a s e s t a b l i s h e d f o r a l l
e l e c t r i c a l m e a s u r e m e n t s b y e m p l o y i n g a S t u d e n t i z e d t - d i s t r i b u t i o n ( t - t e s t ) t o c o n s t r u c t a 9 9 % c o n f i
d e n c e i n t e r v a l f o r t h e l i n e w i d t h s m e a s u r e d . T h i s l e v e l o f a c c u r a c y i s l o w e r t h a n r e p o r t e d v a l u e s , h o w
e v e r , i t i s m o r e a c c u r a t e t h a n s t a n d a r d o p t i c a l v e m i e r s .
T h e a v e r a g e s h e e t r e s i s t a n c e o f t h e u n p a t t e m e d , d o p e d p o l y s i l i c o n w a s d e t e r m i n e d t o 1 9 . 5
O h m s p e r s q u a r e . T h e a v e r a g e s h e e t r e s i s t a n c e m e a s u r e d o n a p a t t e r n e d w a f e r w a s c a l c u l a t e d t o b e
2 3 . 0 8 O h m s p e r s q u a r e . T h e m o s t p r o b a b l e c a u s e f o r t h i s d i f f e r e n c e i s t h e p r e s e n c e o f n a t i v e o x i d e s
o r p r o b e d a m a g e t o t h e p o l y s i l i c o n p a d s w h i c h a l t e r e d t h e V / I r a t i o s s l i g h t l y .
T h e d a y - t o - d a y r e p e a t a b i l i t y o f t h e G C A 4 8 0 0 D S W s t e p p e r s y s t e m w a s e v a l u a t e d . T h e a v e r
a g e X a n d Y t r a n s l a t i o n s f o r G r o u p A w e r e d e t e r m i n e d t o b e - 0 . 3 3 a n d + 1 . 7 7 m i c r o n s , r e s p e c t i v e l y .
T h e d a t a f r o m G r o u p B y i e l d e d a v e r a g e s o f - 0 . 8 3 a n d + 0 . 3 6 m i c r o n s f o r X a n d Y . T h e g r a p h i n
F i g u r e 3 s h o w s t h e r e l a t i v e e r r o r s f r o m t h e s i x w a f e r s .
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F i g u r e 4 : H i s t o g r a m o f X ( l e f t ) a n d Y ( r i g h t ) e r r o r s .
T h e e x p e r i m e n t a l a c c u r a c y o f t h e l i n e w i d t h m e a s u r e m e n t s w a s d e t e r m i n e d t o b e + 1 - 0 . 0 5 m i
c r o n s . T h e G C A 4 8 0 0 s t e p p e r ’ s d a y - t o - d a y p e r f o r m a n c e r a n g e d f r o m - i t o 0 m i c r o n s i n X a n d f r o m 0
t o + 2 . 3 m i c r o n s i n Y . T h e s e e r r o r s w e r e d e t e r m i n e d t o b e f u n c t i o n o f t h e p a s s s h i f t a c c u r a c y . T h e
G C A s t e p p e r ’ s a l i g n m e n t v a r i e s b y a s m u c h a s 1 . 9 1 m i c r o n s a c r o s s a n y w a f e r a n d t h e t r a n s l a t i o n s c a n
b e r e d u c e d b y a d j u s t i n g t h e p a s s - s h i f t v a l u e s i n t h e j o b f i l e . T h e d a t a f r o m p a r t 3 s u g g e s t e d t h a t t h e X
e r r o r s c o u l d b e c o r r e c t e d , b u t t h e Y e r r o r s w e r e s y m m e t n c a b o u t z e r o a n d c o u l d n o t b e h e l p e d b y a l t e r
i n g a p a s s - s h i f t v a l u e . A l l o f t h e o b s e r v e d e r r o r s w e r e w e l l b e l o w t h e a l l o w a b l e 1 0 m i c r o n t o l e r a n c e
u s e d f o r N M O S a n d P M O S d e s i g n r u l e s a t R I T . I n s u m m a r y , t h e e l e c t r i c a l p r o b e t e c h n i q u e s u t i l i z e d
f o r t h i s e x p e r i m e n t h a v e p r o v i d e d a n a c c u r a t e a c c o u n t o f t h e G C A 4 8 0 0 s t e p p e r ’ s p e i f o r m a n c e .
A C K N O W L E D G M E N T S
I w o u l d l i k e t o t h a n k t h e f o l l o w i n g i n d i v i d u a l s f o r t h e i r m u c h a p p r e c i a t e d c o n t r i b u t i o n s t o t h i s
p r o j e c t : M i k e J a c k s o n , D r . R i c h a r d L a n e , D r . T i m B r u n n e r ( I B M ) , S c o t t B l o n d e l l a n d M a t t M a t e s s a .
R E F E R E N C E S
[ 1 ] H . R . R o t t m a n n , I B M J . R e s . D e v . 2 4 , p p . 4 6 1 - 4 6 8 ( 1 9 8 0 ) .
[ 2 ] T . A . B r u n n e r a n d K . P e t r i l l o , “ E l e c t r i c a l P r o b e f o r C D a n d O v e r l a y M e t r o l o g y , ”
I B M A S T L P r e s e n t a t i o n , E a s t F i s h k i l l , N Y , ( 1 9 9 0 ) ( U n p u b l i s h e d ) .
[ 3 ] C . P . A u s s c h n i t t , U n k n o w n S o u r c e . “ S u b m i c r o n M e a s u r e m e n t f o r L i t h o g r a p h i c E v a l u a t i o n , ”
p p . 1 6 - 2 1 .
[ 4 ] C . P . A u s s c h n i t t , S . C . Y a n g a n d T . A . B r u n n e r , S P I E - I n t e g r a t e d C i r c u i t M e t r o l o g y .
3 . 4 Z , p p . 6 5 - 7 2 ( 1 9 8 2 ) .
t h a t a p a s s - s h i f t o f - 1 . 5 m i c r o n s c o u l d h a v e b e e n e n t e r e d f o r X i n o r d e r t o c e n t e r m o s t o f t h e d a t a
a r o u n d t h e o r i g i n . H o w e v e r , a p a s s - s h i f t w o u l d n o t h e l p t o c o r r e c t t h e Y e r r o r s d u e t o t h e i r s y m m e t r i c
n a t u r e .
H i s t o g r a m O f X E r r o r s
H i s t o g r a m O f Y E r r o r s
. 3 . 3 . ~ 0 1 2 3
X T r a n s l a t i o n E r r o r s ( M i c r o n s )
I s W a l e r l o a t s ~ W a f e r 2 D s t a U ] W a ) e ~ 3 D a t a 0 W a f e f 4 o a t a j
. 3 . 3 . 1 0 1 2 3
Y T r a n s l a t i o n E r r o r s ( M i c r o n s )
S W a t e r 1 O a ~ ~ W a t e r 2 D a t a U ] W a t e r 3 D a t s U ] W a f e r 4
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F ~ B R I C ~ T I D N O F T - G ~ T E S T R U C T U R E S
U S I N G D O U B L E L A Y E R E - B E ~ M L I T H O G R A P H Y
E r i c ~ . L e h n e r
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
~ B S T R ~ C T
T h e f a b r i c a t i o n o f T - g a t e s t r u c t u r e s
u s i n g a b i l a y e r r e s i s t s c h e m e o f P M M ~ 4 9 5 K
m o l e c u l a r w e i g h t ( 4 ~ s o l i d s ) a n d P M M ~ 9 5 0 K
m o l e c u l a r w e i g h t ( 3 ~ s o l i d s ) f o r u s e w i t h
e l e c t r o n b e a m e x p o s u r e w a s i n v e s t i g a t e d . T h e
1 . 1 8 s e n s i t i v i t y r a t i o b e t w e e n t h e s e r e s i s t s
w a s f o u n d t o b e i n s u f f i c i e n t t o a d e q u a t e l y
p r o v i d e t h e r e s i s t c a v i t y n e c e s s a r y f o r
f a b r i c a t i o n o f T - g a t e a l u m i n u m s t r u c t u r e s .
I N T R O D U C T I O N
W i t h t h e e v e r d e c r e a s i n g d e v i c e d i m e n s i o n s i n s i l i c o n a n d
G a p s t e c h n o l o g y , t h e d e m a n d f o r f i e l d e f f e c t t r a n s i s t o r s ( F E T s )
p o s s e s s i n g h i g h p e r f o r m a n c e , e s p e c i a l l y h i g h e l e c t r o n m o b i l i t y
t r a n s i s t o r s ( H E M T s ) c o n t i n u e s t o i n c r e a s e . I t i s w e l l k n o w n t h a t
s h o r t g a t e l e n g t h a n d l o w g a t e r e s i s t a n c e a r e e s s e n t i a l f o r t h e
h i g h p e r f o r m a n c e o f t h e s e F E T s [ 1 , 2 , 3 ] . G a t e l e n g t h s o f 5 0 - l O Q n m
h a v e b e e n f a b r i c a t e d [ 4 ] i n o r d e r t o m i n i m i z e t h e t r a n s i t t i m e o f
e l e c t r o n s t h r o u g h t h e g a t e r e g i o n . H o w e v e r , a s t h e
c r o s s - s e c t i o n a l a r e a o f t h e g a t e i s r e d u c e d , t h e r e s i s t a n c e o f
t h e g a t e i n c r e a s e s p r o p o r t i o n a t e l y , r e s u l t i n g i n d e g r a d e d d e v i c e
p e r f o r m a n c e . O n e s o l u t i o n t o t h i s p r o b l e m i s a T - g a t e s t r u c t u r e
i n w h i c h t h e b a s e o f t h e g a t e i s k e p t s m a l l w h i l e t h e t o p o f t h e
g a t e i s m a d e w i d e r t o i n c r e a s e i t s c r o s s - s e c t i o n a l a r e a a n d h e n c e
i t s e l e c t r i c a l c o n d u c t i v i t y . F o r e x a m p l e , ~ t w o o d [ 5 ] c o m p a r e d
c o n v e n t i o n a l 0 . 2 5 u m r e c t a n g u l a r g a t e s w i t h T - g a t e s o f t h e s a m e
b a s e d i m e n s i o n , a n d f o u n d t h a t t h e T - g a t e s h a d m e d i a n r e s i s t a n c e s
a b o u t 2 . 5 t i m e s s m a l l e r t h a n t h a t o f t h e c o n v e n t i o n a l g a t e s ,
w h i l e g r e a t l y i m p r o v i n g t h e m a x i m u m a t t a i n a b l e g a i n a t
f r e q u e n c i e s g r e a t e r t h a n 1 0 6 H z .
N u m e r o u s l i t h o g r a p h i c t e c h n i q u e s h a v e b e e n d e v e l o p e d t o
f a b r i c a t e T - g a t e s . T o d o k o r o r e p o r t e d t h e u s e o f P M M ~ a n d a
p r o p r i e t a r y r e s i s t ( M P R ) i n a b i l a y e r H I / L O s e n s i t i v i t y s c h e m e
f o r f a b r i c a t i o n o f m u s h r o o m - t y p e g a t e s [ 6 ] . F i g u r e 1 ( a ) s h o w s a
S E M p r o f i l e o f a 0 . 5 u m — M P R / 0 . 5 u m - P M M f ~ r e s i s t f i l m e x p o s e d a t
2 2 0 u C / c m 2 a n d d e v e l o p e d w i t h 1 : 3 M I B K : I P ~ d e v e l o p e r f o r 9 0
s e c o n d s . F i g u r e 1 ( b ) s h o w s t h e m u s h r o o m t y p e m e t a l g a t e , h a v i n g
a 0 . 4 u m w i d e b a s e a n d a 0 . 7 u m w i d e c r o w n , f o r m e d a f t e r l i f t o f f .
T i b e r i o r e p o r t e d a t r i l a y e r r e s i s t s c h e m e u s i n g P M M ~ a n d i t s
m e t h a c r y l a t e a c i d c o p o l y m e r ( P M M ~ / M ~ ) t o g e t h e r w i t h a t h r e e s t e p
s e l e c t i v e d e v e l o p e r p r o c e s s [ 4 ] i n o r d e r t o f o r m T - g a t e
s t r u c t u r e s a s s h o w n i n F i g u r e 2 .
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( a )
F i g u r e 1 :
( a )
F i g u r e 2 :
( a ) T o d o k o r o M P R / P M P W ~ r e s i s t p r o f i l e .
( b ) M u s h r o o m g a t e w i t h O . . 4 u m b a s e [ 6 ] .
( b )
a ) M u l t i l e v e l P M M ~ r e s i s t c r o s s - s e c t i o n .
b ) l O O n m T - g a t e a f t e r l i f t o f f [ 4 ] .
~ n o t h e r s c h e m e , i n v e s t i g a t e d b y K a t o [ 7 ] , u t i l i z e d a h i g h
s e n s i t i v i t y E B R - 9 r e s i s t a n d a l o w e r s e n s i t i v i t y P M M ~ r e s i s t .
T h e k e y t o t h i s d o u b l e - l a y e r r e s i s t t e c h n i q u e w a s t o e x p l o i t t h e
s e n s i t i v i t y d i f f e r e n c e o f t h e t w o r e s i s t s , i n o r d e r t o o b t a i n a n
u n d e r c u t t o p r e s i s t p r o f i l e a n d a n o v e r c u t b o t t o m r e s i s t p r o f i l e .
I n t h e s i m u l a t i o n s c o n d u c t e d b y K a t o , a r e s i s t s e n s i t i v i t y r a t i o
o f 3 . 3 w a s f o u n d t o y i e l d d e s i r e d p r o f i l e s , a s s h o w n i n F i g u r e 3 .
T h e s e p r o f i l e s c l e a r l y s h o w t h e u n d e r c u t p r o f i l e r e s u l t i n g f r o m
t h e t e a r - d r o p s h a p e d e x p o s u r e , p r e d i c t e d b y M o n t e - C a r l o
s i m u l a t i o n . K a t o r e p o r t e d , h o w e v e r , t h a t i t i s d i f f i c u l t t o
p r o d u c e T - s h a p e d r e s i s t c a v i t i e s w h e n t h e t o p r e s i s t h a s l e s s
t h a n 1 . 4 t i m e s h i g h e r s e n s i t i v i t y t h a n t h e b o t t o m r e s i s t .
T h i s p r o j e c t u t i l i z e d P M M ~ , w i t h a m o l e c u l a r w e i g h t o f 9 5 0 K ,
a s t h e h i g h s e n s i t i v i t y t o p r e s i s t , a n d P M M ~ , w i t h a m o l e c u l a r
w e i g h t o f 4 9 5 K , a s t h e l o w e r s e n s i t i v i t y b o t t o m r e s i s t . B y
e x a m i n i n g t h e d i s s o l u t i o n c h a r a c t e r i s t i c s o f t h e s e r e s i s t s
r e s u l t i n g f r o m v a r i o u s e x p o s u r e d o s e s a n d v a r i o u s c o n c e n t r a t i o n s
o f m e t h y l i s o b u t y l k e t o n e ( M I B K ) : i s o p r o p y l a l c o h o l ( I P ~ )
d e v o l o p e r , a s u f f i c i e n t l y h i g h s e n s i t i v i t y r a t i o s h o u l d b e f o u n d
w h i c h a l l o w s f o r a w e l l - d e f i n e d u n d e r c u t / o v e r c u t r e s i s t p r o f i l e
t o b e f o r m e d . T h i s r e s i s t p r o f i l e s h o u l d a l l o w f o r t h e
f a b r i c a t i o n o f T - g a t e s t r u c t u r e s b y a l u m i n u m e v a p o r a t i o n a n d
a c e t o n e l i f t o f f .
( b )
8 0
r e s i s t w a s b a k e d a t 1 B O C f o r 3 0 m i n u t e s , f o l l o w e d b y t w o ~ 0 . 2 7 u m
c o a t s a n d b a k e s o f P M M ~ ( 9 5 0 K , 3 ~ s o l i d s ) . R e s i s t t h i c k n e s s w a s
m e a s u r e d w i t h t h e N a n o s p e c a f t e r e a c h b a k e t o c o n f i r m t h e a b s e n c e
o f i n t e r f a c i a l m i x i n g .
U s i n g t h e o p t i m i z e d e x p o s u r e d o s e r a n g e , d e v e l o p e r
c o n c e n t r a t i o n , a n d d e v e l o p m e n t t i m e d e t e r m i n e d f r o m t h e
s e n s i t i v i t y c u r v e s , 3 w a f e r s w e r e e x p o s e d a t d o s e s o f 5 0 , 5 5 , a n d
6 O u C / c m 2 w i t h a 1 O K e Y e l e c t r o n b e a m a n d d e v e l o p e d . T h e r e s i s t
p r o f i l e s w e r e e x a m i n e d w i t h a S E M t o d e t e r m i n e t h e p r e s e n c e o f a n
u n d e r c u t p r o f i l e i n t h e t o p r e s i s t l a y e r a n d a n e x t e n s i o n o f t h e
b o t t o m r e s i s t l a y e r . T h e p r o c e s s w a f e r s w h i c h e x i b i t e d a
p o t e n t i a l T - g a t e r e s i s t s t r u c t u r e w e r e e v a p o r a t e d w i t h
a p p r o x i m a t e l y 0 . 4 u m o f a l u m i n u m , a c e t o n e s o a k e d f o r l i f t o f f , a n d
r e t u r n e d t o t h e S E M t o e x a m i n e t h e f i n a l g a t e s t r u c t u r e .
R E S U L T S / D I S C U S S I O N
T a b l e 1 s u m m a r i z e s t h e s e n s i t i v i t i e s w h i c h w e r e f o u n d w h e n
~ ‘ 5 6 0 0 ~ i P M M ~ 4 9 5 K , a n d P M M ~ 9 5 0 K r e s i s t s a m p l e s w e r e e x p o s e d a n d
d e v e l o p e d i n 7 : 3 , 4 : 1 , a n d 5 : 1 M I B K : I P ~ d e v e l o p e r s a t 3 0 s e c o n d
i n t e r v a l s .
T ~ b 1 e 1 : P M M A 4 9 5 K , P M M A 9 5 0 K S e n s i t i v i t i e s ( u C / c m 2 )
D E V E L O P M E N T 7 : 3 M I 5 K : I P A 4 : 1 M I ~ K : I P A 5 : 1 M I S K : I P A
T I M E ( s e c . ) 4 9 5 K 9 5 0 K 4 9 5 K 9 5 0 K 4 9 5 K 9 5 0 K
3 0 8 4 8 0 8 0 8 0 8 0 8 0
6 0 7 0 6 0 6 0 6 0 6 0 6 0
9 0 6 0 5 1 5 1 4 8 5 2 5 2
1 2 0 5 4 4 7 4 6 4 2 4 6 4 5
1 5 0 4 2 4 1 4 0 3 8 4 0 4 0
1 8 0 3 8 3 7 3 7 - 3 6 3 6
2 1 0 3 5 - 3 4 - - -
2 4 0 - - - - - -
T h e s e n s i t i v i t y d i f f e r e n c e s b e t w e e n t h e t w o r e s i s t s w e r e f o u n d t o
b e t h e m o s t p r o n o u n c e d w h e n 7 : 3 M I B K : I P ~ d e v e l o p e r w a s u s e d a n d
t e n d e d t o d e c r e a s e a s t h e c o n c e n t r a t i o n o f M I 8 t < i n t h e d e v e l o p e r
i n c r e a s e d . T h e l a r g e s t s e n s i t i v i t y r a t i o o f 1 . 1 8 b e t w e e n t h e
r e s i s t s o c c u r r e d u s i n g a 9 0 s e c o n d d e v e l o p m e n t w i t h P M M ~ 9 5 0 K
h a v i n g a s e n s i t i v i t y o f 5 1 u C / c m 2 a n d P M M ~ 4 9 5 K h a v i n g a
s e n s i t i v i t y o f 6 0 u C / c m 2 . T h e o p t i m u m e x p o s u r e d o s e r e q u i r e d t o
o b t a i n t h e d e s i r e d u n d e r c u t / o v e r c u t p r o f i l e u s i n g t h e s e
d e v e l o p i n g c o n d i t i o n s w a s t h e r e f o r e d e t e r m i n e d t o b e
a p p r o x i m a t e l y 5 5 u C / c m 2 . I t m u s t b e n o t e d h o w e v e r , t h a t t h i s
s e n s i t i v i t y d i f f e r e n c e i s l e s s t h a n t h e 1 . 4 s e n s i t i v i t y r a t i o
r e q u i r e d t o p r o d u c e T — s h a p e d r e s i s t c a v i t i e s , a s r e p o r t e d b y
K a t o .
C o a t i n g o f t h e b i l a y e r r e s i s t s c h e m e , r e s u l t e d i n n o g r o s s
i n t e r f a c i a l m i x i n g b e t w e e n t h e r e s i s t l a y e r s a s v a r i f i e d b y
N a n o s p e c m e a s u r e m e n t s , a s s h o w n i n T a b l e 2 .
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D O S E ( C I c m 3 ) ( b )
( a )
( c )
F i g u r e 3 : ( a ) D i s s o l u t i o n c h a r a c t e r i s t i c s o f E B R - 9 a n d P M M f ~
e x p o s e d w i t h a 2 0 - K e Y e l e c t r o n b e a m ( b ) C o r r e s p o n d i n g s i m u l a t e d
d e v e l o p e d p r o f i l e o f 0 . l u m i s o l a t e d l i n e w r i t t e n w i t h a 2 . O e - 5
C / c m 2 d o s e ( c ) R e s u l t i n g S E M c r o s s - s e c t i o n a l p r o f i l e w i t h 0 . 2 u m
b a s e o p e n i n g £ 7 ] .
E X P E R I M E N T
V e r i f i c a t i o n o f t h e m a n u f a c t u r e r ’ s s p i n s p e e d c u r v e s w a s
d o n e b y m a n u a l l y c o a t i n g M E ~ D T e c h n o l o g i e s P M M ~ , 4 9 5 K m o l e c u l a r
w e i g h t ( 6 ~ s o l i d s ) a n d M E ~ D T e c h n o l o g i e s P M M ~ , 9 5 0 K m o l e c u l a r
w e i g h t ( 3 ~ s o l i d s ) r e s i s t s a t 1 0 0 0 , 2 0 0 0 , 3 0 0 0 , a n d 4 0 0 0 r p m ,
o n t o e i g h t 4 - i n c h , s i l i c o n w a f e r s . F o l l o w i n g a 3 0 m i n u t e
c o n v e c t i o n o v e n b a k e a t 1 8 C C , r e s i s t t h i c k n e s s e s w e r e m e a s u r e d o n
a N a n o m e t r i c s N a n o s p e c .
T h r e e 4 - i n c h , s i l i c o n w a f e r s w e r e t h e n c o a t e d w i t h
a p p r o x i m a t e l y 5 6 0 0 ~ o f e a c h r e s i s t . T h e 9 5 0 K P M M c ~ r e q u i r e d a
d o u b l e c o a t / b a k e t o a c h i e v e t h i s t h i c k n e s s , s i n c e a s i n g l e c o a t
a t 2 0 0 0 r p m r e s u l t s i n a n a p p r o x i m a t e t h i c k n e s s o f 2 7 0 0 ~ , a n d t h e
u s e o f a 1 0 - K e Y e l e c t r o n b e a m r e q u i r e s a t o t a l r e s i s t t h i c k n e s s
o f a p p r o x i m a t e l y 0 . 5 u m - 0 . 7 u m . ~ M E B E S I e - b e a m t o o l w a s u s e d t o
e x p o s e t h e w a f e r s w i t h 1 , 2 , 4 , 6 , 1 0 , 2 0 , 4 0 , 6 0 , 8 0 , l 0 O u C / c m 2 d o s e s . t ~
0 . 5 u m s p o t s i z e a n d a b e a m c u r r e n t o f 4 0 n ~ w e r e a l s o u s e d t o
e x p o s e a l i n e - s p a c e t e s t p a t t e r n w i t h a m i n i m u m d i m e n s i o n o f 1
m i c r o n . T h e w a f e r s w e r e t h e n d e v e l o p e d a t 3 0 s e c o n d i n c r e m e n t s
i n 7 : 3 , 4 : 1 , a n d 5 : 1 c o n c e n t r a t i o n s o f M I B K : I P P ~ d e v e l o p e r .
S e n s i t i v i t y c u r v e s f o r e a c h r e s i s t u n d e r e a c h d e v e l o p i n g
c o n d i t i o n w e r e f o u n d , a s w e l l a s t h e t i m e n e c e s s a r y t o f u l l y
d e v e l o p e a c h s a m p l e , b y d e t e r m i n i n g t h e i n d e x o f r e f r a c t i o n a n d
r e s i s t t h i c k n e s s r e m a i n i n g a f t e r e a c h d e v e l o p m e n t u s i n g a n
e l l i p s o m e t e r a n d N a n o m e t r i c s N a n o s p e c . B y c o m p a r i n g t h e s e
s e n s i t i v i t y c u r v e s , t h e o p t i m u m e x p o s u r e d o s e r a n g e , d e v e l o p e r
c o n c e n t r a t i o n , a n d d e v e l o p m e n t t i m e r e q u i r e d t o o b t a i n a n
u n d e r c u t / o v e r c u t p r o f i l e i n a d o u b l e l a y e r P M M ~ ( 9 5 0 K ) / P M M A ( 4 9 5 K )
r e s i s t s c h e m e w e r e f o u n d .
U s i n g t h e T h o m a s “ C r o s s R e l a t i o n s h i p ” P M M ~ ( 4 9 5 K , 6 ~ s o l i d s )
w a s d i l u t e d t o a 4 ~ s o l i d s f o r m u l a t i o n b y a d d i n g c h l o r o b e n z e n e ,
i n o r d e r t o b e a b l e t o c o a t a 0 . 2 u m b o t t o m r e s i s t l a y e r . T h i s
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T a b l e 2 : T h i c k n e s s M e a s u r e m e n t s D u r i n g B i l a y e r R e s i s t C o a t i n g
C o a t i n g C o n d i t i o n S p i n S p e e d
P M M A 4 9 5 K , 4 % s o l i d s 4 0 0 0 r p m
P M M A 9 5 0 K , 3 % s o l i d s 2 0 0 0 r p m
P M M A 9 5 0 K , 3 % s o l i d s 2 0 0 0 r p m
M e a s u r e d T h i c k n e s s
E x p e c t e d T h i c k n e s s a f t e r 3 0 m m . 1 8 C C b a k e
E x p o s u r e o f t h e b i l a y e r - r e s i s t c o a t e d w a f e r s t o a d o s e o f 5 5
u C / c m 2 , f o l l o w e d b y a 9 0 s e c o n d d e v e l o p m e n t i n 7 : 3 M I B K : I P P i
d e v e l o p e r , r e s u l t e d i n t h e r e s i s t p r o f i l e o f F i g u r e 4 . ~ 0 . 2 u m
e x t e n t i o n o f t h e b o t t o m P M M A 4 9 5 K r e s i s t l a y e r w a s c l e a r l y
e v i d e n t w h i l e t h e t o p P M M ~ 9 5 0 K r e s i s t l a y e r a p p e a r e d t o p o s s e s s
a s l i g h t l y d o w n w a r d c u r v i n g p r o f i l e i n s t e a d o f a n u n d e r c u t
p r o f i l e .
F i g u r e 4 :
U p o n a l u m i n u m d e p o s i t i o n a n d a c e t o n e l i f t o f f o f a s i m i l a r l y
e x p o s e d a n d d e v e l o p e d b i l a y e r r e s i s t w a f e r , a n e x p o s u r e d o s e o f
5 5 u C / c m 2 w a s i n s u f f i c i e n t f o r l i f t o f f . U s e o f a 6 0 u C / c m 2 d o s e ,
h o w e v e r , a l l o w e d l i f t o f f t o o c c u r , a s s h o w n i n F i g u r e 5 . I t i s
s u s p e c t e d t h a t t h i s e x p o s u r e d o s e w a s s u f f i c i e n t f o r l i f t o f f ,
s i n c e t h i s d o s e w o u l d r e s u l t i n m o r e v e r t i c a l s i d e w a l l s c o m p a r e d
w i t h u s i n g a 5 5 u C / c m 2 e x p o s u r e d o s e . S i n c e t h e b i l a y e r r e s i s t
s c h e m e w a s a p p r o x i m a t e l y 0 . 7 u m t h i c k , w h i l e o n l y 0 . 4 u m o f
a l u m i n u m w e r e d e p o s i t e d , 0 . S u m o f a l u m i n u m - f r e e r e s i s t w o u l d b e
a v a i l a b l e f o r l i f t o f f .
2 0 0 0 A
4 7 0 0 A
7 4 0 0 A
1 9 4 8 . 6 A
4 5 7 3 . 8 A
7 3 4 6 . 5 A
6 u m s p a c e w i t h ~ 0 . 2 u m b o t t o m r e s i s t e x t e n s i o n .
8 3
F i g u r e 5 :
C O N C L U S I O N S
U s e o f a b i — l a y e r P M M ~ 4 9 5 K / P M M ~ 9 5 0 K r e s i s t s c h e m e t o
f a b r i c a t e T - g a t e s t r u c t u r e s w a s f o u n d t o b e i n a d e q u a t e d u e t o a n
i n s u f f i c i e n t l y l o w s e n s i t i v i t y r a t i o o f o n l y 1 . 1 8 b e t w e e n t h e
r e s i s t s . B y o p t i m i z i n g e x p o s u r e d o s e a n d d e v e l o p m e n t c o n d i t i o n s ,
a 0 . 2 u m e x t e n s i o n o f t h e b o t t o m r e s i s t l a y e r w a s o b t a i n e d .
H o w e v e r , n o u n d e r c u t p r o f i l e o f t h e t o p r e s i s t l a y e r w a s
o b t a i n e d , t h u s p r e v e n t i n g l i f t o f f a n d T — g a t e s t r u c t u r e f o r m a t i o n .
~ C K N O W L E D G M E N T S
I w o u l d l i k e t o e s p e c i a l l y t h a n k B r u c e S m i t h , S c o t t
B l o n d e l l , a n d R i c h a r d H o l s c h e r f o r c o n t r i b u t i n g t o t h i s p r o j e c t .
R E F E R E N C E S
[ 1 ] Z . T a n , S P I E 1 2 6 3 ( 9 ) , 2 1 7 ( 1 9 9 0 ) .
[ 2 ] R . C . T i b e r i o , J . Y a c . S c i . T e c h n o l . , ~ , 1 3 4 ( J a n / F e b 1 9 8 6 ) .
[ 3 ] 6 . W a n g , I E E E T r a n s . E l e c t . . D e v . , ~ ( 7 ) , 8 1 8 ( J u l y 1 9 8 8 ) .
[ 4 ] R . C . T i b e r i o , S P I E 1 0 8 9 ( 8 ) , 1 2 4 ( 1 9 8 9 ) .
[ 5 ] D . ~ t w o o d , S P I E 1 2 6 3 ( 9 ) , 2 0 9 ( 1 9 9 0 ) .
[ 6 ] Y . T o d o k o r o , I E E E E l e c t . D e v . L e t t e r s , E D — 2 7 ( 8 ) , 1 4 4 3 ( 1 9 6 0 ) .
[ 7 ] T . K a t o , I E E E T r a n s . E l e c t . D e v . , E D - 3 4 , ( 4 ) , 7 5 3 ( 1 9 8 7 ) .
6 u m a l u m i n u m l i n e s f o r m e d f r o m r e s i s t p r o f i l e
e x p o s e d a t 6 O u C / c m 2 .
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L O C P ~ L S T R E S S F I E L D D E T E R M I N A T I O N F O R T H I N P O L Y S I L I C O N F I L M S
P i r o u z M a g h s o u d n i a
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
P ~ B S T R ~ C T
L o c a l s t r e s s f i e l d d e t e r m i n a t i o n b y m e a n s o f
f r e e s t a n d i n g s t r u c t u r e s w a s i n v e s t i g a t e d .
T h e p r o c e s s f o r m a n u f a c t u r i n g t h e s e
s t r u c t u r e s w a s d e v e l o p e d a n d u s e d t o s t u d y
t h e s t r e s s i n p o l y s i l i c o n f i l m s . . F o r a 1 . 5 u m
p o l y s i l i c o n f i l m , t h e s t r e s s w a s d e t e r m i n e d
t o b e l e s s t h a n 6 . 7 7 e B D y n e s / c m 2 . F o r a 0 . 5 u m
p o l y s i l i c o n f i l m s , t h e s t r e s s w a s f o u n d t o b e
4 . O 9 e B D y n e s / c m 2 .
I N T R O D U C T I O N
T h i n f i l m s u s e d i n s e m i c o n d u c t o r t e c h n o l o g i e s i n c l u d e
n i t r i d e a n d o x i d e s f o r p a s s i v a t i o n , p o l y s i l i c o n a n d s a l i c i d e s f o r
M O B g a t e s , a n d a l u m i n u m f o r m e t a l i n t e r c o n n e c t s . T h e e x i s t e n c e
o f s t r e s s i n t h e s e f i l m s m a y l e a d t o d e l e t e r i o u s e f e e c t s i n
d e v i c e p e r f o r m a n c e . G a t e m a t e r i a l p e r f o r m a n c e m a y d e g r a d e d u e t o
p o o r a d h e s i o n , s u s c e p t i b i l i t y t o c o r r o s i o n , a n d i n c r e a s e d f i l m
r e s i s t i v i t y . I n a l u m i n u m l i n e s , s t r e s s c a n l e a d t o v o i d
f o r m a t i o n a n d t h e e a r l y o c u r r a n c e o f t h e e l e c t r o m i g r a t i o n
p h e n o m e n a . F o r p a s s i v a t i o n f i l m s , e x c e s s i v e s t r e s s c a n c a u s e
f i l m s t o c r a c k . T h e s e p r o b l e m s c a n l e a d t o u n r e l i a b l e d e v i c e s
a n d u l t i m a t e l y r e s u l t i n d e v i c e f a i l u r e .
T h e s u b s t r a t e a n d t h i n f i l m c o m b i n a t i o n o f t e n l e a d s t o a
s t a t e o f s t r e s s i n t h e f i l m . T h i s t o t a l s t r e s s i s c o m p o s e d o f a
t h e r m a l s t r e s s , d u e t o a t h e r m a l e x p a n s i o n c o e f f i c i e n t m i s m a t c h
b e t w e e n t h e t w o , a n d a n i n t r i n s i c s t r e s s c r e a t e d b y d i s l o c a t e d
a t o m s g e n e r a t i n g i n t e r a t o m i c f o r c e f i e l d s [ 1 ] . T h e p a r a m e t e r
T / T m ( w h e r e T i s t h e d e p o s i t i o n t e m p e r a t u r e a n d T m t h e f i l m ’ s
m e l t i n g p o i n t ) i s a n i m p o r t a n t i n d i c a t o r f o r t h e d e t e r m i n a t i o n o f
t h e s t r e s s i n a f i l m . I n r e a c t i o n r a t e l i m i t e d C Y D f i l m s , w h e r e
t h e T / T m e x c e e d s 0 . 3 , t h e r m a l s t r e s s i s t h e d o m i n a n t a n d c a n b e
m o d i f i e d b y s u b s e q u e n t h i g h t e m p e r a t u r e t h e r m a l t r e a t m e n t s i n
n i t r o g e n o r o x y g e n [ 2 ] .
~ d i r e c t r e s u l t o f s t r e s s i n p a t t e r n e d f i l m s , w h e r e
s t r u c t u r e s a r e f o r m e d b y m e a n s o f l i t h o g r a p h i c a n d e t c h i n g s t e p s ,
i s a s t r a i n f i e l d i n t h e s t r u c t u r e s . S t r a i n i s d e f i n e d a s t h e
r a t i o o f l e n g t h c h a n g e t o t h e o r i g i n a l l e n g t h .
S t r a i n d L / L ( 1 )
T h i s l e n g t h c h a n g e i n t h e f i l m c a n r e s u l t i n w a r p a g e o f t h e
s u b s t r a t e c a u s i n g c o n c a v e b e n d i n g w h e n t h e l e n g t h i n c r e a s e s
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( T e n s i l e s t r e s s ) o r c a u s i n g c o n v e x b e n d i n g w h e n t h e l e n g t h
d e c r e a s e s ( C o m p r e s s i v e s t r e s s ) . T h e r a t i o b e t w e e n t h e s t r e s s a n d
t h e s t r a i n i s k n o w n a s t h e Y o u n g ’ s m o d u l u s a n d i s c h a r a c t e r i s t i c
o f t h e m a t e r i a l .
Y o u n g ’ s M o d u l u s S t r e s s / S t r a i n ( 2 )
T h e a b o v e r e l a t i o n s h i p o f s t r a i n f i e l d t o s t r e s s , m a k e s
a c c u r a t e s t r a i n m e a s u r e m e n t a n e c e s s i t y t o u n d e r s t a n d t h e e f f e c t s
o f s t r e s s . W o r k i n a v e r a g e s t r a i n f i e l d d e t e r m i n a t i o n b y m e a n s
o f r a d i u s o f c u r v a t u r e o f w a r p e d s u b s t r a t e s v i a o p t i c a l o r
m e c h a n i c a l s y s t e m s h a s b e e n e x t e n s i v e l y p e r f o r m e d [ 3 ] . T h e m a j o r
d i s a d v a n t a g e o f t h e s e m e t h o d s i s t h a t t h e y o n l y p r o v i d e a n
a v e r a g e s t r a i n f i e l d f o r e a c h s u b s t r a t e r a t h e r t h a n a l o c a l
s t r a i n f i e l d . T h e a d v a n t a g e o f t h e l a t t e r i s t h a t i t c a n a l l o w
f o r t h e m a p p i n g o f t h e s t r a i n f i e l d a c r o s s t h e s u b s t r a t e .
B y f a b r i c a t i n g f r e e s t a n d i n g , d o u b l y c l a m p e d b e a m s , a n
a l t e r n a t i v e f o r t h e a c c u r a t e d e t e r m i n a t i o n o f l o c a l c o m p r e s s i v e
s t r a i n f i e l d s i n t h i n f i l m s h a s b e e n i n v e s t i g a t e d a t U n i v e r s i t y
o f W i s c o n s i n [ 4 ] . S u c h m e c h a n i c a l s t r u c t u r e s w i l l b u c k l e d u e t o
t h e s t r a i n f i e l d i n t h e t h i n f i l m . B e a m s o f i d e n t i c a l c r o s s
s e c t i o n s , b u t c h a n g i n g l e n g t h s , w e r e f o u n d t o b e p e r f e c t l y
s t r a i g h t a n d f r e e o f b o w i n g b e l o w a c r i t i c a l l e n g t h . U s i n g t h e
r e l a t i o n s h i p b e t w e e n t h e b e a m g e o m e t r y a n d t h e m a t e r i a l
p a r a m e t e r s , G u c k e l , R a n d a z z o a n d B u r n s [ 4 ] , d e t e r m i n e d t h e s t r a i n
i n a b u c k l e d b e a m t o b e :
E ( ( P I * * 2 ) ( h * * 2 ) ) / ( 3 L * * 2 ) ( 3 )
w h e r e h i s f i l m t h i c k n e s s a n d L i s t h e b e a m l e n g t h .
T h e f r e e s t a n d i n g b e a m s c a n b e f a b r i c a t e d b y u s i n g a s i n g l e
m a s k i n g p r o c e s s . w h e r e t h e e n d s o f t h e b e a m s a r e s u p p o r t e d b y p a d s
m u c h l a r g e r t h a n t h e b e a m . F i g u r e 1 s h o w s s u c h s t r u c t u r e s .
F i g u r e 1 : T o p V i e w o f A D o u b l y C l a m p e d B e a m .
A n o t h e r c o m p r e s s i v e s t r e s s d e t e r m i n a t i o n t e c h n i q u e i s
a n a l y z i n g t h e e d g e o f a t h i n f i l m s t r i p t h a t h a s b e e n u n d e r c u t .
F o r a c o m p r e s s i v e f i l m , t h e e d g e o n v i e w o f t h e f i l m w i l l s h o w a
p e r i o d i c s h a p e [ 5 ] . T h e s t r e s s i n t h e f i l m i s g i v e n b y :
S _ E ( P I ( A ) / L A M B D A ) * * 2 / ( 1 — v ) ( 4 )
w h e r e E i s Y o u n g ’ s M o d u l u s , v i s t h e P o i s o n ’ s R a t i o , A i s t h e
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p e r i o d i c f i l m ’ s a m p l i t u d e a n d L ~ M B D ~ i s t h e w a v e l e n g t h . T h e
p e r i o d i c s h a p e s h o u l d b e a s i n u s o i d a l a n d a t y p i c a l e d g w v i e w i s
s e e n i n F i g u r e 2 .
R E L A X E D S I L I C O N O V E R H A N G
/
R E C E S S E D S I L I C O N
O X I D E U N D E R L A Y E R S U B S T R A T E
F i g u r e 2 : E d g e V i e w o f T h i n F i l m O v e r h a n g .
I n t h i s w o r k , s t r e s s i n p o l y s i l i c o n f i l m s w a s i n v e s t i g a t e d
u s i n g a b o v e t w o m e t h o d s . ~ n a t t e m p t w a s m a d e t o d e v e l o p a
p r o c e s s f o r f a b r i c a t i o n o f t h e d i s c u s s e d s t r u c t u r e s . ~ p a r t f r o m
b e a m s a n d e d g e s , d i f f e r e n t s i z e d c a n t i l e v e r s w e r e a l s o d e s i g n e d
t o s e e t h e e f f e c t o f t h e r e s i d u a l s t r e s s i n t h e p o l y s i l i c o n f i l m .
E X P E R I M E N T
I n t e g r a t e d C i r c u i t E d i t o r , a n i n h o u s e V ~ X C ~ D t o o l , w a s u s e d
t o c r e a t e t h e m a s k l a y o u t . D o u b l y s u p p o r t e d b e a m s o f l e n g t h s
2 5 u m t o l 4 O u m w e r e d e s i g n e d . T h e b e a m l e n g h t s w e r e i n c r e m e n t e d
b y 5 u m . T w o b e a m w i d t h s o f l O u m a n d l 5 u m w e r e u s e d . M u l t i p l e
4 0 0 u m l o n g e d g e s w e r e a l s o d e s i g n e d . T w o s e t s o f c a n t i l e v e r s ,
s i n g l y s u p p o r t e d b e a m s , w e r e d e s i g n e d . T h e l e n g t h s w e r e v a r i e d
f r o m 5 u m t o i Q O u m a n d w i d t h s o f l O u m a n d l 5 u m w e r e u s e d . E i g h t
s e t s o f o n e d i m e n s i o n a l s p r i n g s o f d i f f e r e n t t u r n s w e r e a l s o
d e s i g n e d . F i g u r e 3 s h o w s t h e l a y o u t f o r a s i n g l e t u r n
1 - d i m e n t i o n a l s p r i n g . T h e m a s k f o r t h i s l a y o u t w a s f a b r i c a t e d
u s i n g h i g h r e s o l u t i o n e m u l s i o n p l a t e s .
T e n , 3 , < 1 1 1 > , p - t y p e s i l i c o n w a f e r s w e r e o x i d i z e d i n a w e t
o x y g e n e n v i r o n m e n t t o o b t a i n a l u m t h i c k o x i d e f i l m t o a c t a s a
s p a c e r f o r t h e p o l y s i l i c o n . N e x t , a 1 . 5 u m t h i c k p o l y s i l i c o n f i l m
w a s d e p o s i t e d o n t h e w a f e r s i n a L P C V D r e a c t o r u s i n g s i l a n e a t a
t e m p e r a t u r e o f 6 1 0 C .
U s i n g a S F 6 a n d 0 2 p l a s m a c h e m i s t r y a n d a p o s i t i v e r e s i s t
m a s k i n g l a y e r , t h e p o l y s i l i c o n w a s e t c h e d t o d e f i n e t h e s h a p e o f
s t r u c t u r e s . P ~ t t h i s p o i n t t h e w a f e r - c w e r e r e a d y f o r t h e r e m o v a l
o f t h e o x i d e s p a c e r b y m e a n s o f a h i g h l y i s o t r o p i c a n d s e l e c t i v e
e t c h . T h r e e o f t h e w a f e r s w e r e e t c h e d i n a B u f f e r e d O x i d e E t c h
s o l u t i o n . T h e D D E a l l o w e d f o r t h e u n d e r c u t t i n g o f t h e
p o l y s i l i c o n s t r u c t u r e s w i t h o u t a n y a t t a c k o n t h e p o l y s i l i c o n
f i l m . U p o n c o m p l e t e u n d e r c u t t i n g , t h e s t r u c t u r e s r e l e a s e d . T h e
w a f e r s w e r e w a t e r r i n s e d i n a c a s c a d e r i n s e r a n d d r i e d i n a
c o n v e c t i o n o v e n a t 6 5 C . R e s u l t s w e r e e v a l u a t d u s i n g i n t e r f e r e n c e
m i c r o s c o p y a n d S E M a n a l y s i s .
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R E S U L T S / D I S C U S S I O N
~ i g u r e 3 : S i n g l e T u r n S p r i n g
U s i n g i n t e r f e r e n c e m i c r o s c o p y , f r i n g e p a t t e r n s w e r e o b s e r v e d
o n - t h e s t r u c t u r e s i n d i c a t i n g t h e b u c k l i n g o f t h e s t r u c t u r e s .
F u r t h e r S E M a n a l y s i s s h o w e d t h a t t h e b u c k l i n g w a s i n t h e d o w n
d i r e c t i o n g i v i n g r i s e t o t h e s p e c u l a t i o n t h a t t h e w a t e r r i n s e
f o l l o w i n g t h e o x i d e s p a c e r r e m o v a l , l e d t o a h i g h s u r f a c e t e n s i o n
f o r m a t i o n , t h u s c a u s i n g t h e s t r u c t u r e s t o c o l l a p s e d u r i n g t h e
d r y i n g c y c l e . F i g u r e 4 s h o w s a c o l l a p s e d i l O u m l o n g b e a m . P ~ t
t h i s p o i n t i t w a s d e c i d e d t o t r y d i f f e r e n t r i n s e a n d d r y m e t h o d s
f o l l o w i n g t h e s p a c e r r e m o v a l . T w o r i n s e m e t h o d s w e r e t r i e d o n
t h e w a f e r s . O n e m e t h o d w a s a o n e h o u r w a t e r r i n s e f o l l o w e d b y a n
i s o p r o p y l r i n s e a n d t h e o t h e r m e t h o d w a s a o n e h o u r w a t e r r i n s e
f o l l o w e d b y a H M D S r i n s e .
U p o n t h e r e p e a t o f t h e m o d i f i e d e x p e r i m e n t a l p r o c e d u r e , i t
w a s o b s e r v e d t h a t m o s t o f t h e 1 - d i m e n s i o n a l s p r i n g s a n d t h e
c a n t i l e v e r s h a d o n c e a g a i n c o l l a p s e d . H o w e v e r , t h e d o u b l y
s u p p o r t e d b e a m h a d n o t c o l l a p s e d o r b u c k l e d i n d i c a t i n g t h a t t h e r e
w a s n o t e n o u g h s t r e s s i n t h e l o n g e s t b e a m . U s i n g E q u a t i o n 3 , i t
c a n b e s e e n t h a t t h e s t r a i n i n t h e l o n g e s t b e a m , l 4 O u m , w a s
0 . 0 3 7 7 7 ~ . U s i n g e q u a t i o n 2 a n d t h e r e p o r t e d [ 6 ] Y o u n g ’ s M o d u l u s
v a l u e o f 1 . 7 9 e l 2 D y n e s / c m 2 f o r s i l i c o n , t h e s t r e s s f o r t h e 1 4 0 u m
b e a m c a n b e c a l c u l a t e d t o b e 6 . 7 7 e B D y n e s / c m 2 . S i n c e b u c k l i n g w a s
n o t o b s e r v e d i n t h e b e a m , i t c a n b e c o n c l u d e d t h a t t h e s t r e s s i n
t h e f i l m w a s l e s s t h a n b . 7 7 e 8 D y n e s / c m 2 . T h e e x p e r i m e n t w a s
r e p e a t e d w i t h a 0 . 5 u m p o l y s i l i c o n f i l m . T h i s t i m e b u c k l i n g w a s
o b s e r v e d i n s o m e o f t h e b e a m s a s s h o w n i n F i g u r e 5 .
F i g u r e 4 : l l O u m x l 5 u m C o l l a p s e d
B e a m .
F i g u r e 5 : l 4 O u m B u c k l e d B e a m .
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T h e s m a l l e s t b e a m t h a t h a d b u c k l e d w a s 6 O u m r e p r e s e n t i n g a
s t r e s s o f 4 . O 9 e 8 D y n e s / c m 2 . W h i l e t h e s e t w o v a l u e s i n d i c a t e a
v e r y l o w s t r e s s f i e l d i n t h e p o l y s i l i c o n f i l m , i t s h o u l d b e n o t e d
t h a t v a l u e s a r e r e l a t i v e t o e a c h o t h e r a n d t h e c a l c u l a t e d s t r e s s
d e p e n d s o f t h e Y o u n g ’ s M o d u l u s v a l u e u s e d . F o r v a l u e u s e d i n
t h i s e x p e r i m e n t , i t i s n o t k n o w n w e t h e r t h e v a l u e i s f o r s i g l e
c r y s t a l l i n e s i l i c o n , a m o r p h o u s s i l i c o n , o r p o l y s i l i c o n . I t
s h o u l d a l s o b e n o t e d t h a t t h e r e w e r e s o m e d o u b l e s u p p o r t e d b e a m s
t h a t h a d s t i l l c o l l a p s e d . S i n c e t h e o t h e r s t r u c t u r e s h a d a l s o
c o l l a p s e d d u e t o t h e s u r f a c e t e n s i o n p r o b l e m , t h e i r a n a l y s i s w a s
n o t p e r f o r m e d . T h e e d g e o f t h e u n d e r c u t p o l y s i l i c o n f i l m s w a s
l o o k e d b y S E M b u t t h e l i m i t a i o n o n t h e e q u i p m e n t d i d n o t a l l o w
f o r a h i g h r e s o l u t i o n i m a g e o f t h e e d g e s a n d t h u s a n a n a l y s i s a s
n o t p e r f o r m e d .
C O N C L U S I O N
L o c a l s t r e s s f i e l d d e t e r m i n a t i o n w i t h a n a p p l i c a t i o n t o
p o l y s i l i c o n w a s i n v e s t i g a t e d . F r e e s t a n d i n g p o l y s i l i c o n
s t r u c t u r e s w e r e f a b r i c a t e d u s i n g a s i n g l e m a s k i n g p r o c e s s .
S u r f a c e t e n s i o n b u i l d u p f o l l o w i n g a r e q u i r e d w a t e r r i n s e s t e p
l e d t o t h e c o l l a p s e o f t h e s t r u c t u r e s . T h i s p r o b l e m w a s r e d u c e d
b y r i n s i n g t h e w a f e r s i n a l c o h o l o r H M D S f o l l o w i n g t h e w a t e r
r i n s e . T h e o n l y s t r u c t u r e s t h a t d i d n o t c o l l a p s e w e r e t h e d o u b l y
s u p p o r t e d b e a m s . I t w a s f o u n d t h a t f o r a O . 5 u m p o l y s i l i c o n f i l m ,
t h e s t r e s s w a s 4 . O 9 e 8 D y n e s / c m 2 . F o r a 1 . 5 u m f i l m t h e s t r e s s w a s
f o u n d t o b e l e s s t h a n 6 . 7 7 e B D y n e s / c m 2 . I t w a s d e t e r m i n e d t h a t
t h e s e t w o v a l u e s a r e r e l a t i v e t o e a c h o t h e r a n d a n a c c u r a t e
s t r e s s v a l u e r e q u i r e s a v e r y p r e c i s e m e a s u r e m e n t o f t h e Y o u n g ’ s
M o d u l u s o f E l a s t i c i t y f o r p o l y s i l i c o n .
~ C K N O W L E D G M E N T S
I w o u l d l i k e t o t h a n k M i k e J a c k s o n a n d D r . R i c h a r d L a n e f o r
t h e i r a s s i s t a n c e i n t h i s p r o j e c t .
R E F E R E N C E S
[ 1 ] R . W . H o f f m a n , P h y s i c s o f T h i n F i l m s , V o l . 3 , 6 . H a s s ~ n d
R . E . T h u n , e d . , ~ c a d e m i c P r e s s , N e w Y o r k ( 1 9 6 6 ) p . 2 1 1 .
[ 2 ] P . G . S h e w m o n , T r a n s f o r m a t i o n s i n M e t a l s , M c G r a w H i l l ,
N e w Y o r k ( 1 9 6 9 ) .
[ 3 ] I . W a n g , H e w l e t t P a c k a r d C i r c u i t T e c h n o l o g y R e s e a r c h a n d
D e v e l o p m e n t , ( u n p u b l i s h e d ) .
[ 4 ] H . G u k e l , T . R a n d a z z o , D . B u r n s , J . ~ p p l P h y s i c s , V o l . 5 7 ,
p p 1 6 7 1 - 1 6 7 5 , M a r c h 1 9 8 5 .
[ 5 ] P . H o w e , P . M u l l e r , J . ~ p p l P h y s i c s , V o l 5 4 , p p 4 6 7 4 - 4 6 7 5 ,
~ u g u s t 1 9 8 3 .
[ 6 ] C R C H a n d b o o k o f C h e m i s t r y a n d P h y s i c s , e d i t e d b y
D . R . L i d e , 6 4 t h E d i t i o n , C R C P r e s s , B o s t o n ( 1 9 8 3 ) , P a g e
C - 6 1 .
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F A B R I C A T I O N O F N I C R O N E C H A N I C A L D E V I C E S : P I N J O I N T S ,
S L I D E R S , S P R I N G S , A N D M I C R O H O T O R S
M a t t h e w P . M a t e s s a
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
) 4 o v a b l e p i n J o i n t s , s p r i n g s , s l i d e r s a n d
R o t o r s h a v e b e e n c o n s t r u c t e d u s i n g s i l i c o n
f a b r i c a t i o n t e c h n o l o g y . T h e m o v a b l e
m e c h a n i c a l e l e m e n t s a r e b u i l t u s i n g
s a c r i f i c i a l l a y e r s t h a t a r e l a t e r r e m o v e d t o
a l l o w t r a n s l a t i o n a n d r o t a t i o n o f t h e
s t r u c t u r e s [ 1 ] . T h e d e v i c e s o b t a i n e d
p h y s i c a l m o v e m e n t a n d t h e r o t o r s o f t h e
R o t o r s s p u n w i t h c o m p r e s s e d a i r , b u t
e l e c t r i c a l r o t a t i o n o f t h e m o t o r s w a s n o t
a c c o m p l i s h e d .
I N T R O D U C T I O N
M i c r o m a c h i n i n g w i l l b e c o m e a v e r y i m p o r t a n t p a r t o f
i n t e g r a t e d c i r c u i t s a n d m i n i a t u r i ~ a t i o f l i n t h e n e a r f u t u r e .
A t p r e s e n t , t h e o n l y c o n s t r a i n t h o l d i n g b a c k t h e m i n i a t u r i 2 a t i o f l
o f s e n s o r s a n d a c t u a t o r s a r e t h e p h y s i c a l s e n s o r s t h e m s e l v e s .
M a n y o f t h e m a t e r i a l s a n d p r o c e s s e s n e e d e d f o r i n t e g r a t e d c i r c u i t
p r o c e s s i n g c a n b e m o d i f i e d t o c r e a t e m i c r o s e n s o r s a n d a c t u a t o r s .
T h e s e s t r u c t u r e s c o m p l e m e n t t h e I C p r o c e s s a n d p r o v i d e a w a y t o
i n c o r p o r a t e m e c h a n i c a l m o t i o n w i t h e l e c t r o n i c c o n t r o l [ 1 1 . T h i s
m a y l e a d t o a n e w c l a s s o f m i c r o s y s t e m s h a v i n g s i g n i f i c a n t i m p a c t
o n e n g i n e e r i n g d e s i g n [ 2 ) .
S e v e r a l s t r u c t u r e s o f i n t e r e s t t o t h i s p r o j e c t h a v e b e e n
d e s i g n e d a n d f a b r i c a t e d u s i n g m i c r o m a c h i n i n g t e c h n i q u e s , s u c h a s
p i n j o i n t s , s l i d e r s , s p r i n g s , a n d t h e m o s t c o m p l e x , a m i c r o m o t o r
[ 1 ) . T h e b a s i s o f m i c r o m a c h i n i n g f a b r i c a t i o n i s t o e t c h a w a y
s a c r i f i c i a l l a y e r s i n o r d e r t o p r o d u c e f r e e s t r u c t u r e s . T h e s e
s t r u c t u r e s c a n t h e n m o v e t o p e r f o r m m e c h a n i c a l t a s k s .
A p i n j o i n t i s f o r m e d b y e t c h i n g a c i r c l e w i t h a h o l e i n t h e
c e n t e r o u t o f a p o l y s i l i c o n l a y e r o n o x i d e . D e p o s i t i n g o r
g r o w i n g a n o t h e r l a y e r o f o x i d e , e t c h i n g a h o l e t h r o u g h t h e
u n d e r l y i n g o x i d e i n t h e c e n t e r o f t h e c i r c l e , a n d a d d i n g a n o t h e r
l a y e r o f p o l y s i l i c o n w i l l f o r m t h e h u b a n d h o l d s t h e j o i n t t o t h e
s u b s t r a t e . E t c h i n g a l l o f t h e o x i d e a w a y a l l o w s r o t a t i o n . A
s l i d e r i s f o r m e d b y b u i l d i n g g u i d e s a l o n g t h e s l i d i n g m e m b e r t o
p r o h i b i t m o v e m e n t i n t h a t d i r e c t i o n . T h e s p r i n g s a r e s i m p l y a
l i n e a r s t r i p o f p o l y s i l i c o n a t t a c h e d t o t h e s u b s t r a t e a t o n e e n d .
T h e m i c r o m o t o r i s a g l o r i f i e d p i n j o i n t , w i t h t h e a d d i t i o n o f
r o t o r s a n d s t a t o r s f o r e l e c t r i c a l c o n t r o l . F i g u r e 1 s h o w s t h e
c r o s s s e c t i o n s a n d a e r i a l i m a g e s o f a p i n - j o i n t , s l i d e r , a n d
9 0 m o t o r .
- P o l y 1
- P o l y 2
P i n J o i n t
U
S i i c i e r
M o t o r
F i g u r e 1 : C r o s s s e c t i o n s a n d a e r i a l i s a g e s
T h e e l e c t r i c a l r o t a t i o n o f t h e m o t o r c a n b e a c c o m p l i s h e d b y
t h e a p p l i c a t i o n o f a p o t e n t i a l t o o p p o s i n g s t a t o r s w h i l e t h e
r e m a i n i n g s t a t o r s a r e g r o u n d e d . T h i s i n d u c e s a c h a r g e o n t h e
r o t o r p o l e s w h i c h , w h e n t h e p o t e n t i a l s o n t h e s t a t o r p o l e s a r e
i n d e x e d t o t h e n e i g h b o r i n g s i t e , c r e a t e s a n a t t r a c t i v e f o r c e
c a u s i n g t h e r o t o r t o f o l l o w t h e f i e l d . W h e n t h e p o t e n t i a l s a r e
a p p l i e d s e q u e n t i a l l y a r o u n d t h e s t a t o r s , a c o n t i n u o u s r o t a t i o n
c a n o c c u r . T h i s i s s h o w n g r a p h i c a l l y i n F i g u r e 2 [ 3 , 4 ) .
+ +
F i g u r e 2 : R o t a t i o n o f t h e N o t o r
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T h e o r i g i n a l m o t o r c o n s t r u c t e d b y F a n , T a l , a n d M u l l e r a t
t h e U n i v e r s i t y o f C a l i f o r n i a , B e r k e l e y , i s s h o w n i n F i g u r e 3 [ 5 ) .
I t c o n s i s t s o f t w o p o l y s i l i c o n l a y e r s a n d t w o s a c r i f i c i a l o x i d e
l a y e r s . T h i s m o t o r d i d t u r n e l e c t r i c a l l y , b u t o n l y w i t h
p o t e n t i a l s i n e x c e s s o f 1 0 0 v o l t s a c r o s s t h e r o t o r / s t a t o r g a p .
I t c a n b e s e e n i n t h i s d e s i g n t h a t f r i c t i o n b e t w e e n t h e r o t o r a n d
s u b s t r a t e w o u l d p l a y a s i g n i f i c a n t r o l e t o r e s t r i c t t h e t u r n i n g
a s w e l l a s p o s s i b l e c o l u m b i c f o r c e s b e t w e e n t h e r o t o r a n d t h e
s u b s t r a t e
F i g u r e 3 : F a n , T a l , M u l l e r M o t o r
I n a n e f f o r t t o r e d u c e t h e s e f a c t o r s , a d d i t i o n a l d e s i g n a n d
p r o c e s s i n g s t e p s w e r e t a k e n . P r e v i o u s p r o j e c t s a t R I T h a v e
a t t e m p t e d t o l e s s e n t h e f r i c t i o n a l f o r c e s [ 3 ] , b u t t h e s e w e r e n o t
u s e d a n d a n e n t i r e l y n e w d e s i g n w a s i n c o r p o r a t e d . I n a d d i t i o n ,
t h e p u r e l y m e c h a n i c a l e l e m e n t s w e r e f a b r i c a t e d o n - c h i p . T h e
f r i c t i o n o f t h e r o t o r i s r e d u c e d b y t h e a d d i t i o n o f s t a n d - o f f
b u m p s o n t h e r o t o r a n d t h e c h a r g e s r e d u c e d b y t h e a d d i t i o n o f a
g r o u n d p l a n e w h i c h w o u l d i s o l a t e t h e s t r u c t u r e f r o m t h e
s u b s t r a t e . T h i s g r o u n d p l a n e i s m a d e o f n i t r i d e o v e r o x i d e ,
w h i c h w o u l d p r o t e c t t h e m o t o r f r o m b o t h e l e c t r i c a l a n d d o p a n t
s o u r c e s i n t h e s u b s t r a t e . A c r o s s s e c t i o n o f t h i s n e w d e s i g n ,
i n s p i r e d f r o m o t h e r s a l r e a d y c r e a t e d , i s s h o w n i n F i g u r e 4
[ 1 , 2 , 5 , 6 ] .
F i g u r e 4 : N e w D e s i g n o f M i c r o m o t o r
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E X P E R I M E N T
T h e m i c r o m o t o r a n d o t h e r s t r u c t u r e s w e r e c o n s t r u c t e d o n a n
A p o l l o c o m p u t e r s y s t e m u s i n g M e n t o r G r a p h i c s C h i p g r a p h d e s i g n
p r o g r a m . A m a s t e r r e t i c l e s e t w a s c r e a t e d u s i n g a M a n n 3 0 0 0
p a t t e r n g e n e r a t o r w i t h f i v e i n c h e m u l s i o n p l a t e s t o b e u s e d o n a
G C A 4 8 0 0 s t e p p e r . A t o t a l o f t w o d i f f e r e n t d e s i g n s o f t h e m o t o r
w e r e c r e a t e d , a l o n g w i t h p i n j o i n t s , s p r i n g s , a n d a s l i d e r .
T e n 3 i n c h s i l i c o n w a f e r s w e r e u s e d i n t h e p r o c e s s i n g , f i v e
f o r a p o l y s i l i c o n h u b f o r t h e m o t o r a n d f i v e f o r a n i t r i d e h u b .
F i g u r e 5 p r o v i d e s a g r a p h i c a l v i e w o f t h e s t e p b y s t e p
f a b r i c a t i o n . A n o x i d e l a y e r a n d a n i t r i d e l a y e r w a s d e p o s i t e d t o
f o r m t h e g r o u n d p l a n e ( S a , b ) . A s p i n o n g l a s s w a s u s e d t o f o r m
t h e s a c r i f i c i a l o x i d e ( S c ) . T h i s l a y e r w a s p a t t e r n e d a n d e t c h e d
t o f o r m a b a s e a n d s t a n d o f f b u m p s w e r e e t c h e d i n t h e o x i d e ( S d ) .
P o l y s i l i c o n w a s d e p o s i t e d a n d h i g h l y d o p e d ( 5 e ) . A t t h i s s t e p ,
t h e w a f e r s w a r p e d a n d c o u l d n o l o n g e r b e u s e d . T h e n e x t s t e p s
w o u l d h a v e b e e n p e r f o r m e d t o c o m p l e t e t h e p r o c e s s i n g . A s p i n o n
g l a s s l a y e r w a s u s e d a s a n o t h e r s a c r i f i c i a l o x i d e , a n d t h e h o l e
f o r t h e h u b w a s e t c h e d ( S f ) . T h e l a s t p o l y s i l i c o n l a y e r w a s
d e p o s i t e d a n d p a t t e r n e d t o f o r m t h e h u b ( 5 g ) . A l l t h e o x i d e w a s
e t c h e d t o r e l e a s e t h e r o t o r a n d a l l o w r o t a t i o n ( S h ) .
B e c a u s e o f t h e w a r p i n g p r o b l e m , e i g h t n e w w a f e r s w e r e
s t a r t e d . T h e g r o u n d p l a n e w a s e l i m i n a t e d a l o n g w i t h t h e r m a l
o x i d e b e i n g u s e d i n s t e a d o f s p i n o n g l a s s . A l l o f t h e h u b s a r e
n o w g o i n g t o b e m a d e o f p o l y s i l i c o n i n s t e a d o f h a l f p o l y s i l i c o n
a n d h a l f n i t r i d e .
O n e m i c r o n o f o x i d e w a s g r o w n o n t h e w a f e r s u s i n g 1 2 0 0
d e g r e e s C f o r 1 0 0 m i n u t e s i n w e t o x y g e n . T h e l i t h o g r a p h y s t e p
p a t t e r n e d t h e b a s e s f o r t h e m o t o r s , a n d a 1 2 m i n u t e B O E e t c h w a s
s u f f i c i e n t t o e t c h t h e o x i d e . A s e c o n d m a s k w a s u s e d t o p a t t e r n
t h e s t a n d o f f b u m p s a n d t h e w a f e r s w e r e e t c h e d f o r f i v e m i n u t e s i n
B O E i n o r d e r n o t t o e t c h t h r o u g h a l l o f t h e o x i d e . T w o m i c r o n s
o f p o l y s i l i c o n w a s d e p o s i t e d u s i n g a 2 4 0 m i n u t e d e p o s i t i o n t i m e .
E m u l s i t o n e N — 2 5 0 d i f f u s i o n s o u r c e w a s u s e d t o d o p e t h e p o l y n —
t y p e . T h e s o u r c e w a s s p u n f o r 1 0 s e c o n d s a t 3 0 0 0 r p m a n d
p r e b a k e d f o r 1 5 m i n u t e s a t 1 4 0 d e g r e e s . T h e d r i v e i n c o n s i s t e d
o f 1 5 m i n u t e s a t 1 1 0 0 d e g r e e s f o l l o w e d b y a H F d i p t o r e m o v e t h e
r e m a i n i n g s o u r c e . T h e p o l y s i l i c o n w a s p a t t e r n e d a n d , e t c h e d u s i n g
t h e T e g a l 7 0 0 w i t h a c h e m i s t r y o f 1 0 s c c m S F 6 a n d 3 . 3 s c c m 0 2 .
T h e w a f e r s w e r e e t c h e d f o r 1 . 5 m i n u t e s , r o t a t e d 1 8 0 d e g r e e s a n d
e t c h e d f o r 1 . 5 m i n u t e s l o n g e r . 5 0 0 0 A n g s t r o m s o f o x i d e w a s t h e n
g r o w n a t 1 1 0 0 d e g r e e s f o r 6 0 m i n u t e s i n w e t o x y g e n . T h i s w a s
p a t t e r n e d a n d e t c h e d i n B O E f o r 1 4 m i n u t e s t o c l e a r t h e h o l e f o r
t h e h u b o f t h e m o t o r s . A f i n a l p o l y s i l i c o n d e p o s i t i o n f o r 1 8 0
m i n u t e s p r o d u c e d 1 . 5 m i c r o n s o f p o l y s i l i c o n . T h i s l a y e r w a s
p a t t e r n e d a n d e t c h e d i n t h e T e g a l 7 0 0 a s b e f o r e t o f o r m t h e h u b
o f t h e m o t o r s . F i n a l l y , a 3 . 5 h o u r e t c h i n B O E r e l e a s e d t h e
s t r u c t u r e s f r o m s u s p e n s i o n i n t h e o x i d e .
( a ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
( b )
( c )
( d ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
F i g u r e 5 : P r o c e s s D e s c r i p t i o n
R E S U L T S / D I S C U S S I O N
T h e f i n a l o x i d e e t c h t o f r e e t h e p o l y s i l i c o n s t r u c t u r e s t o o k
3 . 5 h o u r s a n d u p o n i n s p e c t i o n u n d e r a m i c r o s c o p e , s o m e o f t h e
s t r u c t u r e s s h o w e d v i s i b l e r o t a t i o n . W i t h t h e u s e o f a p r o b e t i p ,
t h e d e v i c e s c o u l d b e m e c h a n i c a l l y m o v e d , a l t h o u g h t h i s u s u a l l y
r e s u l t e d i n t h e d e s t r u c t i o n o f t h e s t r u c t u r e s f r o m t h e l a c k o f
p r e c i s i o n n e e d e d t o m o v e s o m e t h i n g i n t h e s e d i m e n s i o n s . A f t e r
n o t i c i n g a r o t o r o f a m o t o r t h a t w a s v i s i b l y f r e e , r o t a t i o n w a s
a t t e m p t e d w i t h c o m p r e s s e d a i r . B e i n g t h a t t h e d i a m e t e r o f t h e
r o t o r w a s a p p r o x i m a t e l y o n e t h i r d t h a t o f t h e c o m p r e s s e d a i r
n o s z l e , p r e c i s e d i r e c t i o n o f t h e a i r b l a s t w a s d i f f i c u l t . O n c e
o b t a i n e d , t h e r o t o r s p u n f r e e l y , a p p e a r i n g a s a b l u r u n d e r t h e
m i c r o s c o p e . T h i s w a s a t t e m p t e d f o r t h e o t h e r m o t o r d e s i g n a n d
s i m i l a r r e s u l t s w e r e s e e n .
T h e f i n a l t e s t a d m i n i s t e r e d w a s t h a t o f e l e c t r i c a l m o v e m e n t
o f t h e m o t o r s . E q u a l b u t o p p o s i t e v o l t a g e s w e r e a p p l i e d t o
o p p o s i t e s t a t o r s a n d i m m e d i a t e l y s i g n i f i c a n t c u r r e n t w a s b e i n g
d r a w n , w h i c h l i m i t e d t h e a m o u n t o f v o l t a g e a b l e t o b e o b t a i n e d .
A c c o r d i n g t o t h e d e s i g n , n o c u r r e n t s h o u l d f l o w . I t w a s
d e t e r m i n e d t h a t w h e n t h e p o l y s i l i c o n l a y e r f o r t h e r o t o r / s t a t o r
w a s d o p e d , t h e d o p a n t d i f f u s e d i n t o t h e s u b s t r a t e w h i c h c a u s e d
t h e s u b s t r a t e t o b e c o n d u c t i v e , i n e s s e n c e s h o r t i n g t h e s t a t o r s
t o g e t h e r .
T h e o t h e r d e v i c e s , n a m e l y p i n j o i n t s , s l i d e r s , a n d s p r i n g s ,
w e r e a l s o t e s t e d . T h e s p r i n g s h a d l i t t l e c o n t a c t t o t h e
s u b s t r a t e a n d a n y a t t e m p t a t m o v e m e n t p r o d u c e d b r e a k a g e o f t h e
s p r i n g s . T h e s e r i e s o f c o n n e c t e d p i n j o i n t s p r o v i d e d m o r e
r e s i l i e n c e u p o n m o v e m e n t , b u t e v e n t u a l l y b r o k e . T h e s i n g l e p i n
j o i n t s w i v e l e d a r o u n d i t s h u b p e r f e c t l y , w h i l e t h e s l i d e r w a s
s t i l l r e s t r a i n e d a n d w o u l d n o t m o v e .
A f t e r t h e t e s t s w e r e c o m p l e t e d , s c a n n i n g e l e c t r o n m i c r o s c o p e
9 4 p h o t o g r a p h s w e r e t a k e n o f a l l t h e s t r u c t u r e s . T h e s e p h o t o s
s h o w e d a n u m b e r o f d e s i g n f l a w s w h i c h w e r e n o t n o t i c e d d u r i n g t h e
( e )
( f )
( g )
( h )
d e s i g n o f t h e r e t i c l e s . P h o t o 1 s h o w s t h a t t h e g u i d e s f o r t h e
s l i d e r w e r e d e s i g n e d t o b e t o o l o n g a n d t h e y p r o h i b i t e d t h e
s l i d e r f r o m m o v i n g . I f t h e s e r e s t r a i n t s w e r e s h o r t e r t h a n t h e
s l i d e r , i t w o u l d m o v e i n t h e p r o p e r w a y . T h e s p r i n g s h a d n o
c o n t a c t t o t h e s u b s t r a t e a n d s u b s e q u e n t l y f l o a t e d a w a y w h e n t h e
f i n a l o x i d e w a s e t c h e d . P h o t o 2 r e p r e s e n t s t h e a t t a c h e d p i n
j o i n t s , a n d t h e y d i d n o t r o t a t e a n d t r a n s l a t e a s e x p e c t e d b e c a u s e
t h e c o n n e c t i n g m e m b e r s w e r e a l l m a d e o f t h e s a m e l a y e r o f
p o l y s i l i c o n . T h e m e m b e r s s h o u l d h a v e a l t e r n a t e d b e t w e e n f i r s t
a n d s e c o n d l a y e r p o l y s i l i c o n s o t h e j o i n t s w o u l d w o r k c o r r e c t l y .
I f t h e s e c h a n g e s w e r e m a d e t o t h e d e s i g n s , a n d t h e d o p i n g t i m e
w a s l e s s e n e d , a l l o f t h e s t r u c t u r e s w o u l d w o r k w i t h o u t a n y
p r o b l e m .
P h o t o 1 : S l i d e r
P h o t o 3 : M o t o r 1
P h o t o 2 : C o n n e c t e d P i n J o i n t s
P h o t o 4 : M o t o r 2
g s
P h o t o 5 : S i n g l e P i n J o i n t
C O N C L U S I O N S
A s i n g l e p i n j o i n t , c o n n e c t e d p i n j o i n t s , a s l i d e r , s p r i n g s ,
a n d t w o v e r s i o n s o f a m i c r o m o t o r w e r e d e s i g n e d a n d f a b r i c a t e d .
M e c h a n i c a l r o t a t i o n o f t h e r o t o r s f o r b o t h m o t o r s w a s o b t a i n e d
u s i n g t h e f o r c e o f c o m p r e s s e d a i r , b u t e l e c t r i c a l r o t a t i o n w a s
n o t c o m p l e t e d d u e t h a t t h e s u b s t r a t e w a s c o n d u c t i v e f r o m t h e
d o p i n g o f t h e r o t o r / s t a t o r p o l y s i l i c o n l a y e r . T h e s i n g l e p i n
j o i n t r o t a t e d a b o u t i t s h u b a s d e s i g n e d , b u t d e s i g n f l a w s i n t h e
c o n n e c t e d p i n j o i n t s p r o h i b i t e d t h e i r m o v e m e n t s . T h e s i d e
r e s t r a i n t s o n t h e s l i d e r w e r e t o o l o n g w h i c h p i n c h e d t h e e n d s o f
t h e s l i d e r a n d r e s t r i c t e d m o v e m e n t . T h e s p r i n g s h a d l i t t l e
c o n t a c t t o t h e s u b s t r a t e a n d s e p a r a t e d e a s i l y w h e n m e c h a n i c a l
f o r c e w a s a p p l i e d .
A C K N O W L E D G E M E N T S
I w o u l d l i k e t o t h a n k t h e f o l l o w i n g p e o p l e f o r t h e i r h e l p i n
t h i s p r o j e c t : M i k e J a c k s o n , R o b P e a r s o n , D i c k L a n e , M i g u e l C h e n ,
a n d S c o t t B l o n d e l l .
R E F E R E N C E S
[ 1 ] L . S . F a n e t a l . I E E E T r a n s . E l e c . D e v . , 3 5 ( 6 ) , ( J u n e 1 9 8 8 )
[ 2 ) R . M u e l l e r , S e n s o r s a n d A c t u a t o r s , A 2 1 - A 2 3 , l - 8 ( 1 9 9 0 )
[ 3 ) B . B a r k e r , R I T J o u r n a l o f R e s e a r c h , ( M a y 1 9 9 0 ) ( u n p u b l i s h e d )
[ 4 ) R . G a n n o n , P o p u l a r S c i e n c e , 8 8 ( M a r c h 1 9 8 9 )
[ 5 ) M . M e h r e g a n y , K . J . G a b r i e l , W . S . N . T r i m m e r , I E E E
T r a n s . E l e c . D e v . . , 3 5 , ( 6 ) , ( J u n e 1 9 8 8 )
[ 6 ] L . S . T a r r o w , E l e c t r i c a l M a n u f a c t u r i n g , ( M a y 1 9 9 0 )
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D i a n e M . M a u e r s b e r g
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
P l a n a r - i u n c t i o n , 1 m m x 1 m m , p + / n / n + s i l i c o n
s o l a r c e l l s , b o t h w i t h a n d w i t h o u t a t e x t u r e d
s u r f a c e , w e r e f a b r i c a t e d i n o r d e r t o s t u d y
t h e e f f e c t s o f d e c r e a s e d s u r f a c e r e f l e c t a n c e
o n c e l l e f f i c i e n c y . T h e t e x t u r i n g p r o c e s s
w a s p e r f o r m e d t h r o u g h t h e u s e o f a K O H
p r e f e r e n t i a l e t c h a n t a n d a n a r r a y o f l O u m x
l O u m w i n d o w s t o f o r m a n o x i d e m a s k i n g l a y e r .
I n v e r t e d p y r a m i d s e t c h e d t o p o i n t s w i t h f i n a l
b a s e w i d t h s b e i n g 1 3 . 7 m i c r o n s d u e t o
u n d e r c u t t i n g o f t h e m a s k i n g o x i d e . C o m p l e t e d
c e l l s , e v a l u a t e d a t a n i r r a d i a n c e o f 1 0 0
m W / c m 2 , s h o w e d g r e a t e r e f f i c i e n c e s f o r t h e
t e x t u r e d s u r f a c e , b u t o u t p u t s o f b o t h w e r e
l i m i t e d b y s e r i e s r e s i s t a n c e .
I N T R O D U C T I O N
R e c e n t a d v a n c e m e n t s i n t h e u t i l i z a t i o n o f s o l a r e n e r g y h a v e
b e e n m a d e t h r o u g h t h e c r e a t i o n o f h i g h e f f i c i e n c y s i l i c o n s o l a r
c e l l s . C o n t e m p o r a r y d e s i g n s o f c o n c e n t r a t o r s i l i c o n c e l l s w i t h
p o i n t a n d p l a n a r j u n c t i o n s , h i g h a n d l o w r e s i s t i v i t y s u b s t r a t e s ,
a n d a f r o n t m e t a l g r i d h a v e b e e n s h o w n t o a c h i e v e e f f i c i e n c i e s
g r e a t e r t h a n 2 5 ~ [ 1 ] . ~ t e c h n i q u e f o r a c c o m p l i s h i n g t h i s
i n c r e a s e d e f f i c i e n c y i s t h r o u g h t h e u s e o f a t e x t u r e d s u r f a c e .
B y p a t t e r n i n g t h e t o p l a y e r o f t h e s u b s t r a t e t o f o r m i n v e r t e d
p y r a m i d s , s u r f a c e r e f l e c t a n c e i s d e c r e a s e d , a n d t h e a b s o r p t i o n o f
l i g h t i s e n h a n c e d [ 2 , 3 ] .
C r o s s - s e c t i o n s o f t w o p a t t e r n e d , s i l i c o n s o l a r c e l l s w i t h
f r o n t m e t a l g r i d s a r e s h o w n i n F i g u r e 1 . D e s i g n ( a ) w a s f o u n d t o
h a v e a n e f f i c i e n c y o f 2 6 ~ a t 9 0 s u n s a n d w a s t h e h i g h e s t e v e r
r e p o r t e d f o r a s i l i c o n c e l l h a v i n g a f r o n t m e t a l g r i d . ~ t 1 s u n
a 2 1 . 8 ~ e f f i c i e n c y w a s r e p o r t e d . D e s i g n ( b ) h a d a 2 1 ~ e f f i c i e n c y
b e t w e e n 1 0 0 a n d 2 0 0 s u n s [ 1 ] a n d v a r i e s f r o m d e s i g n ( a ) t h r o u g h
t h e u s e o f a p l a n a r - j u n c t i o n i n s t e a d o f p o i n t - j u n c t i o n s . T h e
i n v e r t e d p y r a m i d s a r e p r o d u c e d t h r o u g h t h e u t i l i z a t i o n o f a
p r e f e r e n t i a l e t c h a n t . T h e a n g l e s ( 5 4 d e g r e e s w i t h t h e s u r f a c e )
o f t h e s e p y r a m i d s a r e d e p e n d e n t u p o n t h e c r y s t a l o r i e n t a t i o n o f
t h e s i l i c o n . I f t h e s u r f a c e o f a c e l l l i e s p a r a l l e l t o t h e ( 1 0 0 )
p l a n e t h e n t h e i n t e r s e c t i o n o f t h e ( 1 1 1 ) p l a n e s f o r m t h e s i d e s o f
t h e p y r a m i d .
( a ) ( b )
F i g u r e 1 : C r o s s - s e c t i o n a l V i e w o f T e x t u r e d S o l a r C e l l s [ 1 ] .
~ l i g h t r a y i n c i d e n t u p o n t h e s u r f a c e o f t h i s c e l l w i l l m a k e
a t l e a s t t w o r e f l e c t i o n s [ 2 , 3 , 4 ] a s s h o w n i n F i g u r e 2 . ~ r ~ t t h e
f i r s t p o i n t o f i n c i d e n c e 3 3 ~ ( o f t h e l i g h t w i l l b e r e f l e c t e d f o r
b a r e s i l i c o n [ 2 ] . T h i s r e f l e c t e d l i g h t w i l l m a k e a s e c o n d p o i n t
o f i n c i d e n c e o n t h e o p p o s i t e s i d e o f t h e p y r a m i d a n d a g a i n 3 3 ~
w i l l b e r e f l e c t e d . T h e t o t a l a m o u n t o f r e f l e c t i o n w i l l b e
d e c r e a s e d t o 1 1 ~ . P i r e d u c t i o n i n s u r f a c e r e f l e c t a n c e o f
t w o - t h i r d s i s , t h e r e f o r e , p o s s i b l e . T h i s p e r c e n t a g e c a n b e
f u r t h e r r e d u c e d t o a s l i t t l e a s 3 ~ t h r o u g h t h e u s e o f a n
a n t i r e f l e c t i v e c o a t i n g [ 2 ] .
T r a n s m i t t e d l i g h t w i l l a l s o b e r e f r a c t e d w i t h i n t h e s o l a r
c e l l . T h i s w i l l c a u s e t h e c r e a t i o n o f l a r g e i n t e r n a l a n g l e s
r e a c h i n g t h e b a c k s u r f a c e . I f t h e i n c i d e n t a n g l e o n t h e s i l i c o n
s u r f a c e i s g r e a t e r t h a n 2 3 d e g r e e s , t o t a l i n t e r n a l r e f l e c t i o n
w i l l t a k e p l a c e a s s h o w n i n F i g u r e 2 . L o n g e r - w a v e l e n g t h p h o t o n s
t h a t a r e a l l o w e d t o r e a c h t h e b a c k s u r f a c e w i l l b e r e f l e c t e d b a c k
i n t h e d i r e c t i o n o f t h e f r o n t s u r f a c e a n d t h e a b s o r p t i o n o f l i g h t
w i l l b e i n c r e a s e d [ 3 , 4 ] .
( 1 ) S i n c i d e n t
( 2 ) B t r a n s m i t t e d
( 3 ) 6 i n c i d e n t >
5 c r i t i c a l
( 4 ) S r e f l e c t e d
F i g u r e 2 : L i g h t R a y I n c i d e n t o n T e x t u r e d S ~ . i r f a c e .
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T h e b a s i c o p e r a t i o n o f t h e s i l i c o n s o l a r c e l l i s t h r o u g h t h e
c r e a t i o n o f e l e c t r o n - h o l e p a i r s w i t h i n c i d e n t l i g h t . f ~ n i n c i d e n t
p h o t o n w i t h a n e n e r g y g r e a t e r t h a n t h e b a n d g a p w i l l b e a b s o r b e d
t o c r e a t e a n e l e c t r o n i n t h e c o n d u c t i o n b a n d a n d a h o l e i n t h e
v a l e n c e b a n d . ~ s m o r e p h o t o n s a r e a b s o r b e d e l e c t r o n - h o l e
f o r m a t i o n w i l l i n c r e a s e i n t h e p - t y p e a n d n - t y p e r e g i o n s , a s w e l l
a s t h e d e p l e t i o n r e g i o n f o r m e d a t t h e j u n c t i o n . T h e f i e l d
c r e a t e d f r o m t h e p n j u n c t i o n s e r v e s t o s w e e p t h e e l e c t r o n s f r o m
t h e p - t y p e r e g i o n t o t h e n - t y p e r e g i o n w h e r e t h e y w i l l b e s e e n a s
m a j o r i t y c a r r i e r s . I n t h e s a m e w a y t h e n - t y p e r e g i o n h o l e s
d i f f u s e a c r o s s t h e j u n c t i o n t o a d d t o t h e m a j o r i t y c a r r i e r s i n
t h e p - t y p e r e g i o n . I f a c o n d u c t o r i s c o n n e c t e d f r o m t h e m e t a l
g r i d t o t h e b a c k : m e t a l s u r f a c e a s h o r t c i r c u i t c u r r e n t , I s c , w i l l
f l o w . ~ n o p e n - c i r c u i t v o l t a g e , V o c , c a n a l s o b e m e a s u r e d b e t w e e n
t h e s e c o n n e c t i o n s . T h e s e t e r m i n a l p r o p e r t i e s a r e i l l u s t r a t e d i n
F i g u r e 3 .
~ t h i r d p a r a m e t e r c a l l e d t h e f i l l f a c t o r , F F , m e a s u r e s t h e
s q u a r e n e s s o f t h e o u t p u t c h a r a c t e r i s t i c s E 2 ] . E q u a t i o n ( 1 ) s h o w s
h o w t h e f i l l f a c t o r c a n b e d e r i v e d u s i n g t h e m a x i m u m p o w e r
v o l t a g e , V m p a n d m a x i m u m p o w e r c u r r e n t , I m p .
F F V m p l m p / V o c l s c
( 1 )
T h e e f f i c i e n c y , p , o f t h i s c e l l i s f o u n d a s s h o w n i n E q u a t i o n
( 2 ) , w h e r e P i n i s t h e t o t a l p o w e r o f t h e i n c i d e n t l i g h t [ 2 ] .
p V m p l m p / P i n z V o c I s c F F / P i n X 1 O O ~
V
( 2 )
F i g u r e 3 : T e r m i n a l P r o p e r t i e s o f a n I l l u m i n a t e d S o l a r C e l l [ 2 ] .
I
D a r k I
g g
T h i s p r o j e c t i n v e s t i g a t e d t h e a d v a n t a g e s o f u s i n g a t e x t u r e d
s u r f a c e f o r o p t i m i z a t i o n o f f i l l f a c t o r a n d e f f i c i e n c y . T h e
d e s i g n s t u d i e d w a s s i m i l i a r t o t h e p l a n a r - j u n c t i o n c e l l o f d e s i g n
( b ) , b u t w i t h t h e m e t a l g r i d c o v e r i n g n o n - t e x t u r e d p l a t e a u s a n d
t o t a l a r e a c o n t a c t m a d e t o t h e b a c k s u b s t r a t e .
E X P E R I M E N T
E x p e r i m e n t a l r e t i c l e s c o n t a i n i n g 2 , 3 , 4 , 5 , 1 0 , a n d 2 O u m
s q u a r e o p e n i n g s w e r e i ~ a g e d w i t h K T 1 8 2 0 r e s i s t o n s e v e r a l < 1 0 0 >
w a f e r s c o v e r e d w i t h 6 0 0 0 ~ o f o x i d e . T h e o x i d e m a s k w a s e t c h e d i n
h y d r o f l u o r i c a c i d , H F , a n d t h e p y r a m i d s w e r e e t c h e d u s i n g a
p o t a s s i u m h y d r o x i d e s o l u t i o n , K D H , o f c o n c e n t r a t i o n 5 ~ b y w e i g h t ,
h e l d a t 4 0 C , t o e n a b l e p r o c e s s c o n t r o l [ 5 ] . P y r a m i d s w e r e
a l l o w e d t o e t c h c o m p l e t e l y t o p o i n t s w i t h t h e t i m e o f e t c h
d e p e n d e n t u p o n p y r a m i d s i z e . I n o r d e r t o d e t e r m i n e t h e o p t i m u m
o p e n i n g s i z e a n d e t c h t i m e , e a c h s a m p l e w a s e x a m i n e d u n d e r a
l i g h t f i e l d a n d d a r k f i e l d s c o p e a t 1 0 0 0 X .
I n a d d i t i o n t o o p t i m i z i n g t h e p y r a m i d e t c h , i t w a s n e c e s s a r y
t o d e t e r m i n e t h e s e p a r a t i o n d i s t a n c e b e t w e e n t h e w i n d o w s o f t h e
m a s k t o a l l o w f o r u n d e r c u t t i n g d u r i n g t h e e t c h p r o c e s s . ~ t h i r d
e x p e r i m e n t a l r e t i c l e c o n t a i n i n g a n a r r a y o f l O u m s q u a r e s w i t h
s e p a r a t i o n d i s t a n c e s o f 1 t o ~ 1 5 u m w a s i m a g e d o n w a f e r s h a v i n g
a p p r o x i m a t e l y 2 1 0 0 a n d 6 0 0 0 ~ o f o x i d e . L i g h t f i e l d a n d d a r k f i e l d
i l l u m i n a t i o n w a s u s e d a g a i n f o r s p a c i n g d e t e r m i n a t i o n .
U p o n d e t e r m i n a t i o n o f p y r a m i d s i z e a n d s p a c i n g a t h r e e l e v e l
m a s k s y s t e m w a s d e s i g n e d u s i n g I C E ( I n t e g r a t e d C i r c u i t E d i t o r ) , a
c u s t o m C ~ D t o o l o n t h e D i g i t a l V a x S y s t e m a t R I T . ~ M A N N 3 0 0 0
p a t t e r n g e n e r a t o r w a s u s e d t o c r e a t e a m a s t e r r e t i c l e s e t o n f i v e
i n c h s q u a r e h i g h r e s o l u t i o n p h o t o g r a p h i c p l a t e s f o r u s e w i t h a
S C ~ 4 8 0 0 s t e p p e r .
T h e f i n a l c e l l d e s i g n s h o w n i n F i g u r e 4 , w a s 1 s q u a r e m m .
W i n d o w s f o r p y r a m i d s w e r e l O u m w i d e s e p a r a t e d b y 7 u m . M e t a l
l i n e s w e r e 5 O u m w i d e , s p a c e d 4 5 0 u m a p a r t , a n d c o v e r e d p l a t e a u
r e g i o n s b e t w e e n t e x t u r e d a r e a s . ~ p p r o x i m a t e t o t a l m e t a l c o v e r a g e
w a s 1 9 ~ .
F i g u r e 4 : F a b r i c a t e d S o l a r C e l l D e s i g n .
M E T A L
T E X T U R E D ~ R E ~
1 0 0
T e n < 1 0 0 > n - t y p e , 5 - 1 0 o h m - c m r e s i s t i v i t y , d e v i c e q u a l i t y
w a f e r s w e r e 0 p r e p a r e d u s i n g a n R C A c l e a n i n g p r o c e s s . A n o x i d e
l a y e r o f 2 4 0 0 A w a s g r o w n t o a c t a s m a s k i n g a g a i n s t t h e K D H
s o l u t i o n . T h e o x i d e l a y e r o n s i x o f t h e t e n w a f e r s w a s t h e n
p a t t e r n e d w i t h o p e n i n g s f o r t h e p y r a m i d s . T h e r e m a i n i n g f o u r
w a f e r s w e r e f a b r i c a t e d a s n o n - t e x t u r e d c o n t r o l s . T h e s e l O u m
w i n d o w s o n t h e f r o n t s i d e w e r e o p e n e d w i t h a n H F e t c h w h i l e t h e
b a c k s i d e w a s p r o t e c t e d w i t h r e s i s t . T h e p y r a m i d s w e r e e t c h e d i n
5 ~ K D H s o l u t i o n a t 4 C C f o r a n a v e r a g e o f 1 7 0 m i n u t e s . T h i s o x i d e
l a y e r w a s r e m o v e d o n a l l w a f e r s a n d a p R C A c l e a n w a s p e r f o r m e d .
A n e w o x i d e l a y e r o f a p p r o x i m a t e l y 2 3 0 0 A t h i c k n e s s w a s g r o w n t o
p r o t e c t t h e f r o n t s i d e o f t h e w a f e r s f r o m p h o s p h o r o u s d i f f u s i o n .
D i f f u s i o n o f p h o s p h o r o u s u s i n g E m u l s i t o n e N - 2 5 0 s p i n - o n d o p a n t
w a s t h e n p e r f o r m e d a t 1 0 5 C C f o r 1 0 m i n u t e s i n d r y o x y g e n a n d 5
m i n u t e s i n w e t o x y g e n t o f o r m a n o h m i c c o n t a c t a t t h e b a c k
s u r f a c e . A f t e r d i f f u s i o n , t h i s m a s k i n g o x i d e w a s r e m o v e d a n d a n
R C A c l e a n w a s p e r f o r m e d . A n e w m a s k i n g o x i d e o f a p p r o x i m a t e l y
3 2 0 0 A w a s g r o w n t o p r o t e c t t h e b a c k s i d e o f t h e w a f e r s . T h e p / n
j u n c t i o n w a s f o r m e d u s i n g B o r o f i l m 1 0 0 s p i n - o n d o p a n t f o r 7
m i n u t e s i n d r y o x y g e n a n d 3 m i n u t e s i n w e t o x y g e n a t 1 0 0 C C f o r
h a l f o f t h e w a f e r s a n d a t 1 1 0 C C f o r o t h e r s t o v a r y j u n c t i o n
d e p t h . A f t e r d i f f u s i o n t h e o x i d e w a s r e m o v e d a n d a ~ R C A c l e a n
w a s a g a i n p e r f o r m e d . A n a n t i r e f l e c t i v e c o a t i n g o f 7 5 0 A o f o x i d e
w a s g r o w n o n t h e f r o n t s i d e o f t h e w a f e r s . T h i s l a y e r w a s t h e n
p a t t e r n e d w i t h c o n t a c t c u t s . A l u m i n u m w a s d e p o s i t e d a n d
p a t t e r n e d o n t h e f r o n t s i d e o f t h e w a f e r s a n d t h e n d e p o s i t e d o n
t h e b a c k s i d e . A s i n t e r a t 4 5 C C t o o k p l a c e t o c o m p l e t e
f a b r i c a t i o n .
R E S U L T S / D I S C U S S I O N
T h e o p t i m a l s p a c i n g d i s t a n c e t o f o r m u p r i g h t p y r a m i d s , s h o w n
i n t h e S E M p h o t o o f F i g u r e 5 a s t h e s e c o n d g r o u p o f p y r a m i d s i n
t h e s e ~ o n d r o w , w a s f o u n d t o b e 7 m i c r o n s f o r a m a s k i n g l a y e r o f
2 1 0 0 A o f o x i d e . A c t u a l d e v i c e w a f e r s d i d n o t e t c h t o f o r m
u p r i g h t p y r a m i d s . E t c h i n g t i m e w a s e x t e n d e d i n o r d e r t o u n d e r c u t
t h e m a s k i n g o x i d e l a y e r , h o w e v e r , t h e f o r m a t i o n o f u p r i g h t
p y r a m i d s w a s n o t a c h i e v e d . T h e f a i l u r e t o f o r m u p r i g h t p y r a m i d s
m a y h a v e o c c u r r e d b e c a u s e o f a ~ s l i g h t d i f f e r e n c e i n t h e m a s k i n g
o x i d e t h i c k n e s s e s o f 3 0 0 A , w h i c h a p p a r e n t l y l i m i t e d
u n d e r c u t t i n g . A f t e r t h e f i n a l d i f f u s i o n s t e p p y r a m i d b a s e s
m e a s u r e d a n a v e r a g e o f 1 3 . 7 m i c r o n s w i d e a s s h o w n i n t h e S E M
p h o t o o f F i g u r e 6 . T h e s h a r p p o i n t s o f t h e p y r a m i d s s e e n
i m m e d i a t e l y a f t e r e t c h w e r e m o r e r o u n d e d f o l l o w i n g t h e h i g h
t e m p e r a t u r e d i f f u s i o n s t e p s . T h i s i s m o s t l i k e l y d u e t o t h e
c o n s u m p t i o n o f s i l i c o n d u r i n g o x i d e g r o w t h . E t c h i n g p y r a m i d s
a f t e r t h e p h o s p h o r o u s d i f f u s i o n s t e p w o u l d p o s s i b l y h e l p t o
e l i m i n a t e t h i s p r o b l e m t o s o m e d e g r e e .
M e a s u r e m e n t o f I s c a n d V o c t o d e t e r m i n e e f f i c i e n c y a t a n
i r r a d i a n c e o f 1 0 0 m w / c m 2 w a s p e r f o r m e d o n t h e f a b r i c a t e d c e l l s .
O u t p u t c h a r a c t e r i s t i c s p r i o r t o d i e s e p a r a t i o n s h o w e d a l a r g e
s e r i e s r e s i s t a n c e a n d l e a k a g e c u r r e n t . T h e f i l l f a c t o r s w e r e . 2 5
a n d t h e e f f i c i e n c e s w e r e 6 ~ o n a v e r a g e . T e x t u r e d c e l l s d i d s h o w
a n i n c r e a s e i n s h o r t - c i r c u i t c u r r e n t o v e r n o n - t e x t u r e d c e l l s .
1 0 1
F i g u r e 5 : E t c h e d P y r a m i d S p a c i n g ~ r r a y .
~ f t e r d i e s e p a r a t i o n t h e d i f f e r e n c e i n s h o r t - c i r c u i t c u r r e n t
b e t w e e n t h e t e x t u r e d a n d n o n - t e x t u r e d c e l l s w a s l e s s e x t r e m e .
c ~ v e r a g e f i l l f a c t o r s a n d e f f i c i e n c i e s o f . 4 a n d 9 ~ r e s p e c t i v e l y
w e r e o b s e r v e d w i t h i m p r o v e m e n t a t t r i b u t e d t o a d e c r e a s e i n
l e a k a g e c u r r e n t . T h e s h o r t - c i r c u i t c u r r e n t s w e r e s t i l l l a r c e r
f o r t h e t e x t u r e d c e l l s . L i m i t a t i o n s p l a c e d o n t h e f i l l f a c t o r s
F i g u r e 6 : ~ c t u a l D e v i c e I n v e r t e d P y r a m i d s .
1 0 2
a n d e f f i c i e n c e s s e e m e d t o b e d u e t o s e r i e s r e s i s t a n c e c r e a t e d
f r o m t h e p + d i f f u s i o n a c r o s s t h e e n t i r e s u r f a c e o f t h e c e l l .
T h i s c a n b e s h o w n f r o m t h e p l o t o f d a r k a n d l i g h t c u r r e n t f o r a
t e x t u r e d . B u m p / n j u n c t i o n c e l l s h o w n i n F i g u r e 7 . T h e
c h a r a c t e r i s t i c c u r v e s d o w n w a r d i n t h e t h i r d q u a d r a n t i n s t e a d o f
r e m a i n i n g f a i r l y l e v e l , i l l u s t r a t i n g s e r i e s r e s i s t a n c e . T h e
d e e p e r , 1 . 5 u m j u n c t i o n , l o w e r s h e e t r e s i s t a n c e c e l l s s h o w e d
h i g h e r e f f i c i e n c i e s t h a n t h e s h a l l o w , . B u m j u n c t i o n , h i g h e r s h e e t
r e s i s t a n c e c e l l s , a g a i n d e m o n s t r a t i n g t h e e f f e c t s o f s e r i e s
r e s i s t a n c e . P ~ r e v i s i o n o f t h e c e l l d e s i g n t o c r e a t e
p o i n t - j u n c t i o n s w o u l d d e c r e a s e t h e s e r i e s r e s i s t a n c e c r e a t e d f r o m
p + a r e a s i n t h e t e x t u r e d r e g i o n a n d l e s s e n t h e s e v e r i t y o f t h e
p r o b l e m . T h e h i g h e s t f i l l f a c t o r a n d e f f i c i e n c y o f . 5 7 a n d 1 2 ~ ,
r e s p e c t i v e l y , w a s a c h i e v e d f r o m t h e t e s t i n g o f a t e x t u r e d 1 . 5
m i c r o n j u n c t i o n c e l l . T h e o u t p u t c h a r a c t e r i s t i c s a r e s h o w n i n
F i g u r e 8 .
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F i g u r e 7 : T e x t u r e d C e l l C h a r a c t e r i s t i c I l l u s t r a t i n g
S e r i e s R e s i s t a n c e .
F i g u r e 8 : T e x t u r e d C e l l C h a r a c t e r i s t i c w i t h H i g h e s t
T e s t e d E f f i c i e n c y .
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1 0 3
C O N C L U S I O N S
T e x t u r i n g a i d s i n i n c r e a s i n g t h e e f f i c i e n c y o f p h o t o v o l t a i c
c e l l s . ~ r e v i s i o n o f t h e d e s i g n f r o m a p l a n a r - j u n c t i o n c e l l t o a
p o i n t - j u n c t i o n c e l l w o u l d h e l p t o e l i m i n a t e s e r i e s r e s i s t a n c e
l i m i t a t i o n s o n f i l l f a c t o r a n d e f f i c i e n c y , i n o r d e r t o m a k e f u l l
u s e o f t h e a d v a n t a g e s o f t e x t u r e d s u r f a c e s .
A C K N O W L E D G M E N T S
I w o u l d l i k e t o t h a n k t h e f o l l o w i n g p e o p l e f o r t h e i r
c o n t r i b u t i o n s t o t h e S o l a r - C e l l p r o j e c t : M i k e J a c k s o n , R o b
P e a r s o n , D r . R i c h a r d L a n e , D r . S a n t o s h K u r i n e c , S c o t t B l o n d e l l ,
a n d G a r y R u n k l e .
R E F E R E N C E S
[ 1 ] ~ . C u e v a s , R . i ~ . S i n t o n , R . M . S w a n s o n , I E E E T w e n t y F i r s t P h o t o
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D E T E R M I N A T I O N O F S 1 0 2 P R O F I L E S A C H I E V A B L E
W I T H R I E U S I N G C 2 F 6 A N D C H F 3
D a n i e l P . M o r v a y
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
A d r y e t c h S 1 O 2 p r o c e s s w a s o p t i m i z e d u s i n g t h e P l a s m a t r a c 2 4 0 6 R I E
e t c h e r a t R I T , w h i l e m a i n t a i n i n g s e l e c t i v i t y t o p o l y s i l i c o n a n d p h o t o r e s i s t . T h e
o p t i m i z e d p r o c e s s h a d P o w e r o f 3 5 0 W a t t s , P r e s s u r e o f 1 2 7 m T o r r , C 2 F 6 o f
6 0 s c c m , a n d C H F 3 o f 1 7 1 s c c m ; T h i s p r o v i d e d a n o x i d e t o p o l y s e l e c t i v i t y o f
5 . 5 : 1 w i t h a n o x i d e s l o p e o f 6 0 ° .
I N T R O D U C T I O N
E t c h i n g i s a p r o c e s s t h a t t r a n s f e r s p a t t e r n s t o u n d e r l y i n g l a y e r s a n d h a s t r a d i t i o n a l l y r e l i e d o n
w e t c h e m i s t r y . S i n c e w e t e t c h i n g i s v e r y i s o t r o p i c , a t t e n t i o n f o c u s e s o n e f f e c t i v e l y c l e a r i n g t h e l a y e r o f
i n t e r e s t w i t h o u t p a t t e r n d e g r a d a t i o n . T h e r e s u l t i n g p r o f i l e i s s u c h t h a t u n i f o r m s t e p c o v e r a g e o f
s u b s e q u e n t l a y e r s i s e a s y t o o b t a i n . H o w e v e r , t h e i s o t r o p i c n a t u r e o f w e t e t c h i n g a l l o w s a m i n i m u m
f e a t u r e s i z e o f 3 m i c r o n s o r l a r g e r t o b e a c c u r a t e l y t r a n s f e r r e d . T h i s r e s o l u t i o n i s u n a c c e p t a b l e f o r
c u r r e n t U L S I a p p l i c a t i o n s , w h i c h a r e b e l o w 1 m i c r o n .
P l a s m a e t c h i n g , o r d r y e t c h i n g , o f f e r s a s o l u t i o n . I n a d d i t i o n t o i n c r e a s e d a n i s o t r o p y , w h i c h
a l l o w s t r a n s f e r o f s m a l l e r g e o m e t r i e s , p l a s m a e t c h i n g l e n d s i t s e l f t o a u t o m a t i o n , h e l p s i n c r e a s e
u n i f o r m i t y a c r o s s t h e w a f e r , i n v o l v e s l o w e r c h e m i c a l u s a g e c o s t a n d i n c r e a s e s t h e s a f e t y f o r o p e r a t o r s
b y r e d u c i n g o p e r a t o r e x p o s u r e t o t o x i c c h e m i c a l s . D i s a d v a n t a g e s i n c l u d e l o w e r s e l e c t i v i t y , h i g h e r
e q u i p m e n t c o s t , r a d i a t i o n d a m a g e a n d i n c r e a s e d p r o c e s s c o m p l e x i t y .
H o w e v e r , i n c r e a s e d a n i s o t r o p y , w h i l e r e d u c i n g t h e m i n i m u m f e a t u r e s i z e e t c h e d , m a y r e s u l t i n
p o o r s t e p c o v e r a g e o f s u b s e q u e n t l y d e p o s i t e d f i l m s . T h i s r e q u i r e s p l a s m a p r o c e s s i n g t o o b t a i n s m a l l
g e o m e t r i e s w h i l e m a i n t a i n i n g a n e t c h p r o f i l e s u i t a b l e f o r s u b s e q u e n t t h i n f i l m d e p o s i t i o n .
T o h e l p a c h i e v e g o o d s t e p c o v e r a g e , a s l i g h t t a p e r a t t h e t o p o f t h e p r o f i l e w o u l d b e r e q u i r e d [ 1 ] .
T h i s p r o f i l e i s s h o w n i n F i g u r e 1 . P l e a s e n o t e t h e p r o f i l e i s n o t d e p e n d a n t u p o n t h e p h y s i c a l s p a c i n g o f t h e
S 1 0 2 e d g e s .
_ _ _ _ _ _ > 1 ~ e s e 1 <
- 1 _ _ _ _
S i D \ ~ S i 0 2 ~ = t ~ n ( ~ 0 X )
S i 1 i c o n
F i g u r e 1 : O x i d e P r o f i l e a n d M e a s u r e m e n t o f S l o p e A n g l e .
S i n c e t h e o x i d e p r o f i l e h a s a s l o p e , a c t u a l m e a s u r e m e n t o f t h i s s l o p e i s d i f f i c u l t . H o w e v e r , i f t h e
p r o f i l e i s a p p r o x i m a t e d b y a r i g h t t r i a n g l e , a s s h o w n i n F i g u r e 1 , t h e n i t b e c o m e s e a s i e r t o r e f e r t o t h e
a n g l e , t h e t a , a s a m e a s u r e m e n t o f t h e p r o f i l e . S i n c e t h e o x i d e t h i c k n e s s i s e a s i l y m e a s u r e d , t h e o n l y
o t h e r p a r a m e t e r o f i n t e r e s t i s t h e b a s e w i d t h . T a k i n g t h e i n v e r s e t a n g e n t o f t h e o x i d e t h i c k n e s s d i v i d e d
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b y t h e b a s e w i d t h , a l l o w s a c c u r a t e m e a s u r e m e n t o f t h e t a . T h e m e a s u r e m e n t o f t h e b a s e w i d t h m a y b e
p e r f o r m e d u s i n g a m i c r o s c o p e w i t h o p ~ c a l v e r n i e r s .
W h i l e t h e p r o f i l e i n F i g u r e 1 c o m m o n l y o c c u r s w i t h w e t p r o c e s s i n g , i t i s a l s o p o s s i b l e t o o b t a i n
t h r o u g h p l a s m a e t c h i n g . I f a v e r y l o w p r e s s u r e i s u s e d f o r t h e e t c h p r o c e s s , t h e m e a n f r e e p a t h o f t h e
i o n s w o u l d b e c o m p a r a b l e t o t h e i n t e r e l e c t r o d e d i s t a n c e . T h i s a l l o w s t h e i o n s t o g a i n s u f f i c i e n t v e l o c i t y
c a u s i n g a s m a l l a m o u n t o f s p u t t e r e t c h i n g [ 2 ] .
T h e s m a l l s p u t t e r p r o c e s s w o u l d t h e n c a u s e t h e p h e n o m e n o n o f r e s i s t “ f a c e t t i n g ” [ 3 ] . T h e
p h o t o r e s i s t w o u l d b e r e m o v e d s u c h t h a t a n a n g l e o f a p p r o x i m a t e l y 6 0 d e g r e e s r e s u l t s a t t h e e d g e o f
r e s i s t p r o f i l e . I f c o n t i n u e d f o r e n o u g h t i m e , t h e r e s i s t e r o s i o n c a u s e s t h e s u b s t r a t e m a t e r i a l t o b e c o m e
e x p o s e d a n d s t a r t e t c h i n g . T h i s p r o p a g a t e s t h e a n g l e i n t o t h e s u b s t r a t e t o p o g r a p h y . F i g u r e 2 , i l l u s t r a t e s
t h i s p h e n o m e n o n [ 4 ] .
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F i g u r e 2 : O x i d e E t c h P r o f i l e C r e a t i o n [ 5 ] .
A t a p e r m a y a l s o b e c r e a t e d u s i n g a n i s o t r o p i c p l a s m a e t c h . H o w e v e r t h i s i s i n a d e q u a t e s i n c e a
v e r y l o w e t c h r a t e o f S i 0 2 w o u l d r e s u l t a n d s e l e c t i v i t y t o s i l i c o n o r p o l y s i l i c o n w o u l d b e l o s t [ 6 ] . A n
a n i s o t r o p i c e t c h c o u l d b e u s e d , b u t w o u l d r e q u i r e t w o s t e p s s o t h a t t h e t a p e r c o u l d b e i n d u c e d . A
d i s a d v a n t a g e o f t h i s m e t h o d i s t h r o u g h p u t r e d u c t i o n s i n c e a t w o s t e p p r o c e s s r e q u i r e s m o r e e q u i p m e n t
t i m e .
A n a n i s o t r o p i c p r o c e s s c o u l d b e u s e d i f t h e e t c h c h e m i s t r y c a u s e d r e s i s t e r o s i o n . I f t h e r e s i s t
e r o d e d f a s t e n o u g h , t h e n t h e p r o f i l e p r e v i o u s l y s h o w n i n F i g u r e 3 w o u l d r e s u l t . T h e s l o p e o f t h e e t c h
f e a t u r e d e p e n d s o n t h e r e m o v a l r a t e o f t h e r e s i s t . I n c r e a s e d r e s i s t r e m o v a l c a u s e s s h a l l o w p r o f i l e s l o p e s
w h i l e d e c r e a s e d r e s i s t r e m o v a l c a u s i n g s t e e p e r s l o p e s [ 7 ] .
T h e r e s i s t e r o s i o n m a y b e i n c r e a s e d t h r o u g h t h e a d d i t i o n o f 0 2 , b u t s e l e c t i v i t y t o s i l i c o n i s l o s t .
A n o t h e r m e t h o d i s t o u s e a c h e m i s t r y s u c h t h a t p r o d u c t s f r o m t h e p l a s m a e t c h p h o t o r e s i s t a s w e l l a s t h e
d e s i r e d f i l m [ 8 ] . T h i s m e t h o d g e n e r a l l y e m p l o y s e n d p o i n t d e t e c t i o n s y s t e m s t o m o n i t o r t h e i n t e n s i t y o f
C O e m i s s i o n f r o m t h e p l a s m a . A n i s o t r o p i c c h e m i s t r y , s u c h a s C F 4 a n d 0 2 w o u l d p r o v i d e s u f f i c i e n t
r e s i s t e r o s i o n t o o b t a i n a t a p e r e d p r o f i l e , b u t w o u l d d e c r e a s e t h e s e l e c t i v i t y t o p o l y t o 3 : 1 o r l o w e r . T h i s
p r o c e s s w o u l d a l s o b e v e r y n o n u n i f o r m [ 9 ] .
O t h e r i s o t r o p i c o x i d e e t c h c h e m i s t r i e s w o u l d i n c l u d e N F 3 o r S F 6 , b u t b o t h g a s e s h a v e l o w
s e l e c t i v i t y t o s i l i c o n . T h e r e f o r e , o n c e t h e o x i d e e t c h r e a c h e d a s i l i c o n o r p o l y s i l i c o n s u r f a c e , t r e n c h i n g
w o u l d b e g i n i n s t e a d o f t h e p r o c e s s s t o p p i n g .
A n o t h e r o x i d e e t c h c h e m i s t r y i s C H F 3 w i t h t h e a d d i t i o n o f 0 2 o r C 0 2 . T h e s e l e c t i v i t y o f t h e
p r o c e s s i s c o n t r o l l e d b y t h e a m o u n t o f o x i d a n t u s e d , b u t t h e e t c h r a t e w o u l d b e l o w . C H F 3 i s a p o l y m e r
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f o r m i n g g a s t h a t r e d u c e s t h e e f f e c t i v e e t c h r a t e [ 1 0 ] . C 2 F 6 a n d C 3 F 8 w o u l d b e g a s e s t h a t c o u l d b e
m i x e d w i t h t h e C H F 3 t o b o o s t t h e e t c h r a t e , w h i l e m a i n t a i n i n g s e l e c t i v i t y . T h e s e l e c t i v i t y o f t h e e t c h
c h e m i s t r y i s g e n e r a l l y d e t e r m i n e d b y t h e c o n c e n t r a t i o n o f C 2 F 6 i n t h e p l a s m a [ 1 1 ] . T h e s e g a s e s a l s o
p r o v i d e s u f f i c i e n t r e s i s t e r o s i o n t o c a u s e t h e f o r m a t i o n o f a t a p e r a t t h e t o p o f t h e p r o f i l e .
P r e v i o u s w o r k a t R I T w a s p e r f o r m e d u s i n g t h e C 2 F 6 / C H F 3 e t c h a n t c h e m i s t r y o n t h e R I E e t c h e r .
T h e C 2 F 6 w a s h e l d c o n s t a n t a t 3 0 s c c m w h i l e t h e C H F 3 g a s c o n c e n t r a t i o n w a s v a r i e d f r o m 0 % t o 4 5 %
o f t h e C 2 F 6 f l o w . T h e p o w e r w a s v a r i e d f r o m 2 0 0 t o 5 0 0 w a t t s a n d t h e p r e s s u r e w a s v a r i e d f r o m 5 0 t o
2 0 0 m i l l i t o r r .
T h e r e s u l t s o f t h i s e x p e r i m e n t a t i o n i n d i c a t e d t h e o p t i m u m p r o c e s s h a d p o w e r a t 2 5 5 w a t t s ,
p r e s s u r e a t 1 5 0 m t o r r , a C H F 3 c o n c e n t r a t i o n o f 6 5 % o f t h e t o t a l g a s f l o w , a n d 6 0 s c c m o f C 2 F 6 g a s .
T h i s r e s u l t e d i n a 6 . 3 : 1 o x i d e t o p o l y s e l e c t i v i t y w i t h t h e o x i d e e t c h r a t e b e i n g 6 1 2 A / m m [ 1 2 ] .
T h i s p r o j e c t i n v o l v e d u s i n g s t a t i s t i c a l d e s i g n o f e x p e r i m e n t m e t h o d s t o o p t i m i z e t h e o x i d e s i d e w a l l
p r o f i l e . T h e d e s i r e d p r o f i l e w a s a 6 0 ° S i 0 2 s l o p e s o t h a t a d e q u a t e s t e p c o v e r a g e o f s u b s e q u e n t l y
d e p o s i t e d f i l m s m a y b e a c h i e v e d . T h e p r o j e c t i n v o l v e d f i r s t v e r i f y i n g o r m o d i f y i n g t h e b a s e p r o c e s s
f o l l o w e d b y t h e o p t i m i z a t i o n o f t h e S i 0 2 p r o f i l e .
E X P E R I M E N T
T h e e x p e r i m e n t a l w o r k b e g a n w i t h a s m a l l f o u r r u n T a g u c h i m a t r i x v a r y i n g t h e p r e s s u r e a n d
p o w e r b y + 1 - 1 0 % o f t h e b a s e p r o c e s s . T h e r e s p o n s e v a r i a b l e s w e r e o x i d e s e l e c t i v i t y t o p o l y s i l i c o n a n d
e t c h n o n u n i f o r m i t y t o v e r i f y p r e v i o u s r e s u l t s . U p o n c o m p l e t i o n o f t h e v e r i f i c a t i o n p r o c e s s , r e s p o n s e
v a r i a b l e s i n c l u d i n g m i n i m u m f e a t u r e s i z e e t c h e d , t h e u n i f o r m i t y o f t h e e t c h a c r o s s t h e w a f e r a n d t h e
s i d e w a l l s l o p e a n g l e w e r e c h o s e n t o o p t i m i z e t h e s l o p e . T h e s l o p e w a s e v a l u a t e d b y m e a s u r i n g t h e b a s e
o f t h e r i g h t t r i a n g l e , a s s t a t e d e a r l i e r .
T h e e x p e r i m e n t a l d e s i g n u s e d w a s a c e n t r a l c o m p o s i t e d e s i g n w i t h 5 f a c t o r s [ 1 3 ] . T h i s d e s i g n
u s e d 3 2 r u n s w i t h t h e r e s p o n s e s s t a t e d e a r l i e r . T h e s o f t w a r e p a c k a g e D e s i g n E x p e r t w a s u s e d t o
c r e a t e t h e d e s i g n . T h e f a c t o r s w e r e R F p o w e r , m a i n c h a m b e r p r e s s u r e , C 2 F 6 g a s f l o w , C H F 3 g a s f l o w
a n d t h e p e r c e n t a g e o f o v e r e t c h u s e d . T h e l e v e l s w e r e + I • 1 0 % o f t h e b a s e p r o c e s s , w h i c h i s s h o w n
b e l o w .
P o w e r = 2 5 5 W a t t s , P r e s s u r e = 1 5 0 m T o r r , C 2 F 6 = 6 0 s c c m , C H F 3 = 1 7 1 s c c m .
T h e p a t t e r n u s e d f o r t h e p r o f i l e e x p e r i m e n t w o u l d b e t h e R I T K o d a k E T M p h o t o r e s i s t t e s t m a s k .
T h i s m a s k h a s a l t e r n a t i n g p a t t e r n s o f l i n e s a n d s p a c e s w i t h r e s o l u t i o n t a r g e t s , p a t t e r n e d g e o m e t r i e s a n d
a l i g n m e n t m a r k s . F o r t h e p u r p o s e o f t h i s e x p e r i m e n t , t h e a l i g n m e n t m a r k s w o u l d n o t b e n e e d e d . H o w e v e r
t h e o t h e r g e o m e t r i e s w o u l d b e v e r y u s e f u l i n d e t e r m i n i n g t h e m i n i m u m r e s o l u t i o n a n d t h e e t c h p r o f i l e s l o p e
b y u s i n g b o t h l i n e s a n d s p a c e s . S E M c r o s s s e c t i o n s w e r e t h e n t a k e n o f r e p r e s e n t a t i v e s l o p e s s h o w i n g t h e
o p t i m i z e d p r o c e s s .
R E S U L T S / D I S C U S S I O N
T h e p r e l i m i n a r y T a g u c h i r e s u l t s s h o w e d t h e b a s e p r o c e s s w a s n o l o n g e r v a l i d . T h e b e s t o x i d e t o
p o l y s e l e c ~ v i f y w a s 3 . 5 : 1 , w i t h a n a v e r a g e s e l e c t i v i t y o f 3 : 1 . I n v e s t i g a t i o n i n t o t h e s e l e c t i v i t y d i f f e r e n c e
r e v e a l e d t h e e t c h e r h a d s e v e r a l h a r d w a r e m o d i f i c a t i o n s w h i c h i n c l u d e d r e p l a c i n g t h e p u m p o i l , s e a l i n g
s e v e r a l l e a k s t o t h e m a i n c h a m b e r , a n d r e p l a c i n g p i e c e s o f t h e p u m p l i n e .
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A m o d i f i e d p r o c e s s w a s t h e n c r e a t e d w i t h t h e p o w e r i n c r e a s e d t o 3 5 0 W a t t s a n d t h e p r e s s u r e
d e c r e a s e d t o 1 2 7 m T o r r , k e e p i n g t h e g a s f l o w s c o n s t a n t . T h i s p r o d u c e d a p o l y t o o x i d e s e l e c t i v i t y o f
5 . 5 : 1 . T h e o x i d e t o p h o t o r e s i s t s e l e c t i v i t y w a s s e e n t o b e 3 . 8 : 1 , w h i c h p r o v i d e d e x c e l l e n t r e s i s t e r o s i o n f o r
p r o f i l e c o n t r o l . S E M c r o s s s e c t i o n s , s h o w n b e l o w i n F i g u r e s 3 a n d 4 , i n d i c a t e a n o x i d e s l o p e o f 6 0 ° w a s
a c h i e v e d u s i n g t h i s p r o c e s s .
A n a t t e m p t t o r u n t h e c e n t r a l c o m p o s i t e d e s i g n w a s m a d e , b u t a r c i n g w i t h i n t h e m a i n c h a m b e r
p r e v e n t e d r e l i a b l e r e s u l t s f r o m b e i n g f o u n d . C l e a n i n g t h e m a i n c h a m b e r w i t h l . P . A . a n d S c o t c h B r i t e
r e m o v e d t h e c o n d u c t i v e p o l y m e r a n d s e r v e d t o c o r r e c t t h e p r o b l e m t e m p o r a r i l y , u n t i l m o r e p o l y m e r b u i l t
u p . E v e n t u a l l y , p o l y m e r w a s p r e s e n t w e r e t h e S c o t c h B r i t e c o u l d n o t r e m o v e i t , a n d t h e c h a m b e r n e e d e d
t o b e c o m p l e t e l y t o r n a p a r t a n d c l e a n e d .
A : ( 5 , 0 0 0 X )
F i g u r e 4 : 6 i i m O x i d e L i n e - P h o t o r e s i s t F l a k e d O f f E x p o s i n g O x i d e .
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A r c i n g w a s a l s o s e e n b e t w e e n t h e f o u r i n c h w a f e r h o l d e r a n d t h e m a i n c h a m b e r . T h i s w a s e a s i l y
c o r r e c t e d b y p l a c i n g T e f l o n t a p e o n t h e b a c k s i d e o f t h e w a f e r h o l d e r c o v e r i n g t h e a r e a s a r c i n g .
C O N C L U S I O N S
A s t h i s r e p o r t s h o w s , a m o d i f i e d p r o c e s s w a s c r e a t e d u s i n g t h e P l a s m a T h e r m 2 4 0 6 R I E e t c h e r
a l l o w i n g a n o x i d e s l o p e o f 6 0 0 t o b e a c h i e v e d . T h e P l a s m a T h e r m e t c h e r w a s a l s o s e e n t o b e v e r y
s e n s i t i v e t o p o l y m e r b u i l d - u p a n d r e q u i r e d p e r i o d i c c l e a n i n g w i t h l . P . A . t o p r e v e n t a r c i n g w i t h i n t h e m a i n
c h a m b e r b y r e m o v i n g c o n d u c t i v e p o l y m e r . T e f l o n t a p e o n t h e b a c k s i d e o f t h e f o u r i n c h w a f e r h o l d e r w a s
a l s o s e e n t o p r e v e n t a r c i n g n e a r t h e w a f e r t h r o u g h t h e h o l d e r .
A C K N O W L E D G M E N T S
T h e f o l l o w i n g p e o p l e d e s e r v e a t t e n t i o n f o r m a k i n g t h e p r o j e c t a s u c c e s s : D r . L a n e a n d D r .
J a c k s o n , o f t h e R . l . T . M i c r o e l e c t r o n i c E n g i n e e r i n g f a c u l t y , f o r t h e i r c o n t i n u e d s u p p o r t a n d c r i t i c i s m o f t h e
p r o j e c t , G a r y R u n k l e , o f t h e R . I . T . M i c r o e l e c t r o n i c E n g i n e e r i n g m a i n t e n a c e , f o r e q u i p m e n t s u p p o r t , J o e
W i s e m a n f o r h i s h e l p i n f i n d i n g t h e T e f l o n T a p e f i x f o r t h e w a f e r h o l d e r , a n d D r . V o e k e l , o f t h e R . l . T .
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B i C M O S V S C M O S ~ T R I T
~ n a t o l e R a i f
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
~ B S T R ~ C T
T h i s p r o j e c t i n v o l v e d t h e p e r f o r m a n c e
c o m p a r i s o n o f t h e s t a n d a r d R I T N - w e l l C M O S
a n d a p r o p o s e d B i C M O S p r o c e s s e s . D e v i c e
p a r a m e t e r s w e r e e x t r a c t e d f r o m T M ~ S U P R E M - 3
s i m u l a t i o n s a n d u s e d t o c r e a t e N P N , P M O S , a n d
N M O S m o d e l c a r d s f o r ~ c c u s i m s i m u l a t i o n s .
T w o i n v e r t e r c i r c u i t s , o n e i n C M O S a n d o n e i n
B i C M O S w e r e d e s i g n e d t o d r i v e a 5 O p F l o a d .
T h e B i C M O S c i r c u i t w a s d e t e r m i n e d t o b e f o u r
t i m e s f a s t e r , l e s s t e m p e r a t u r e d e p e n d e n t , a n d
c o n s i d e r a b l y s m a l l e r t h a n i t s C M O S
c o u n t e r p a r t . T h e s e r e s u l t s l e a d t o a f i n a l
c o n c l u s i o n f a v o r i n g t h e d e v e l o p m e n t a n d u s e
o f B i C M O S h e r e a t R I T .
I N T R O D U C T I O N
T o d a y ’ s I C m a r k e t i s d o m i n a t e d b y C M O S t e c h n o l o g y f o r
s e v e r a l i m p o r t a n t r e a s o n s : w e l l c h a r a c t e r i z e d p r o c e s s ,
p r a c t i c a l l y z e r o p o w e r c o n s u m p t i o n , a h i g h e r p a c k i n g d e n s i t y ,
l o w e r s t a n d b y p o w e r , a n d , t o a f i r s t o r d e r , i n f i n i t e i n p u t
i m p e d a n c e . C M O S l e n d s i t s e l f t o l a r g e - s c a l e a n d v e r y l a r g e - s c a l e
i n t e g r a t i o n b e c a u s e i t s s i m p l e g a t e c o n s t r u c t i o n i s r e a d i l y
s c a l a b l e , m o r e s c a l a b l e t h a n a n y b i p o l a r t e c h n o l o g y . ~ l s o , a n y
i n c r e a s e i n c i r c u i t d e n s i t y d o e s n o t e x a c e r b a t e t h e p o w e r
d i s s i p a t i o n p r o b l e m a s s e v e r e l y a s i n b i p o l a r t e c h n o l o g y .
H o w e v e r , b i p o l a r t e c h n o l o g y e x h i b i t s h i g h e r f r e q u e n c y r e s p o n s e ,
h i g h e r t r a n s c o n d u c t a n c e p e r a r e a , h i g h e r d r i v i n g c a p a b i l i t y a n d
l e s s n o i s e . T h u s , t h e t r e n d h a s e m e r g e d i n i n d u s t r y t o t a p t h e s e
a d v a n t a g e s b y i n c o r p o r a t i n g b i p o l a r a n d C M O S t e c h n o l o g i e s i n t o a
s i n g l e p r o c e s s d u b b e d B i C M O S .
T h e m e r g e r o f t h e B i p o l a r a n d C M O S t e c h n o l o g i e s c a n b e
u t i l i z e d t o i m p l e m e n t s y s t e m s w i t h n o t o n l y h i g h e r p e r f o r m a n c e ,
b u t w i t h a w i d e r r a n g e o f f u n c t i o n s t h a n e a c h t e c h n o l o g y a l o n e .
T h e B i C M O S c i r c u i t s s h o u l d p o s s e s s s i m i l a r D C c h a r a c t e r i s t i c s t o
t h o s e o f C M O S c i r c u i t s , b u t m u c h i m p r o v e d ~ C d r i v e
c h a r a c t e r i s t i c s , a n d l e s s d e p e n d e n c y o n e x t e r n a l c o n d i t i o n s s u c h
a s p r o c e s s v a r i a t i o n s a n d t e m p e r a t u r e . P ~ B i C M O S c i r c u i t e x h i b i t s
d i f f e r e n t p o w e r c o n s u m p t i o n p r o p e r t i e s t h a n a C M O S c i r c u i t . I n
C M O S t h e l o a d c a p a c i t a n c e n o t o n l y i n c r e a s e s t h e g a t e d e l a y , b u t
a l s o d e g r a d e s t h e s l e w r a t e o f t h e o u t p u t . T h e d e g r a d e d o u t p u t
c h a r a c t e r i s t i c c a u s e s t h e n e x t d r i v e n g a t e t o s w i t c h s l o w e r ,
t h e r e f o r e s p e n d i n g m o r e t i m e i n t h e t r a n s i t i o n r e g i o n a n d
c o n s u m i n g m o r e p o w e r . T h e B i C M O S g a t e , b e c a u s e o f i t s l o w o u t p u t
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i m p e d a n c e p r o v i d e d b y t h e b i p o l a r t r a n s i s t o r s , d o e s n o t d e g r a d e
t h e s w i t c h i n g p e r f o r m a n c e o f t h e d r i v e n g a t e a n d i s t h e r e f o r e
m o r e p o w e r e f f i c i e n t . T h e s e a r e o n l y s o m e o f t h e b e n e f i t s o f t h e
B i C M O S t e c h n o l o g y .
R I T c u r r e n t l y h a s a n N - w e l l , s e l f - a l i g n e d , p o l y - g a t e C M O S
p r o c e s s . t ~ b i p o l a r p r o c e s s i s b e i n g d e v e l o p e d w h i c h c o u l d
e v e n t u a l l y b e i n t e g r a t e d w i t h t h e N - w e l l C M O S p r o c e s s . T h i s
b i p o l a r p r o c e s s w i l l n o t h a v e a n e p i t a x i a l l a y e r , i n s t e a d t h e N P N
d e v i c e s w i l l b e f a b r i c a t e d i n t h e N - w e l l . ~ c r o s s - s e c t i o n o f t h e
p r o p o s e d B i C M O S p r o c e s s i s s h o w n i n F i g u r e 1 .
I n o r d e r t o e x p l o i t t h e s t r e n g t h s o f b o t h t e c h n o l o g i e s t h e
M O B a n d B i p o l a r t r a n s i s t o r s i n t h e B i C M O S p r o c e s s m u s t b e
o p t i m i z e d . T h i s i n v e s t i g a t i o n w i l l n o t m a k e a n e f f o r t t o
o p t i m i z e t h e M O B d e v i c e s i n t h e e x i s t i n g R I T N - W e l l C M O S p r o c e s s
o r t h e N P N d e v i c e c u r r e n t l y b e i n g d e v e l o p e d b y L u i g i T e r n u l l o
~ 3 u n i o r . T h e p u r p o s e o f t h i s r e s e a r c h w o r k i s t o j o i n t h e t w o
p r o c e s s e s i n o r d e r t o d e v e l o p a R I T B i C M O S p r o c e s s , c o m p a r e t h e
t w o p r o c e s s e s ( N - w e l l C M O S a n d B i C M O S ) a n d d e t e r m i n e w h e t h e r t h e
R I T B i C M O S p r o c e s s w i l l y i e l d c i r c u i t s w i t h t h e s a m e e n h a n c e d ~ C
d r i v e - ~ h a r a c t e r i s t i c 5 a n d l e s s d e p e n d e n c y o n e x t e r n a l c o n d i t i o n s
t y p i c a l o f a g o o d B i C M O S p r o c e s s .
F i g u r e 1 : C o m p l e t e C r o s s - s e c t i o n o f t h e P r o p o s e d B i C M O S P r o c e s s .
E X P E R I M E N T
T h e B i C M O S p r o c e s s w a s d e v e l o p e d u s i n g t h e e x i s t i n g R I T
N - W e l l C M O S p r o c e s s a s t h e s t a r t i n g p o i n t . T h e o r e t i c a l l y , t h e
o n l y e x t r a s t e p s t h a t a r e r e q u i r e d a r e t h e b a s e i m p l a n t a n d b a s e
d r i v e - i n . T h e s e s t e p s n e e d t o b e a d d e d i n t o t h e C M O S p r o c e s s
s o m e w h e r e b e t w e e n t h e N - W e l l d r i v e - i n a n d t h e g a t e o x i d e g r o w t h
f o r t h e g a t e s o f t h e M O B d e v i c e s . S U P R E M s i m u l a t i o n w o r k
s u p p o r t e d t h i s t h e o r y a n d a d e c i s i o n w a s m a d e t o a d d t h e b a s e
i m p l a n t a n d d r i v e - i n i m m e d i a t e l y f o l l o w i n g t h e L O C O S p r o c e s s .
T h e C M O S d e v i c e s w e r e i d e n t i c a l t o t h o s e o f t h e R I . T N - W e l l C M O S
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p r o c e s s . T h e N P N b i p o l a r t r a n s i s t o r w a s d e s i g n e d i n t h e N - W e l l
u s i n g t h e w e l l a s t h e c o l l e c t o r , t h e s o u r c e / d r a i n i m p l a n t f o r t h e
N M O S d e v i c e t o f o r m t h e e m i t t e r a n d t h e a d d e d i m p l a n t a n d
d r i v e - i n t o f o r m t h e b a s e . F i g u r e 2 i s a p l o t o f t h e
c o n c e n t r a t i o n p r o f i l e t h r o u g h t h e e m i t t e r c r o s s - s e c t i o n . T h e
p l o t s h o w s a n e m i t t e r j u n c t i o n d e p t h o f 0 . 3 4 u m , a b a s e X j o f
1 . 2 4 u m , a n d t h e X j o f t h e c o l l e c t o r o r t h e N - w e l l o f 4 . 6 9 u r n .
T h e j u n c t i o n d e p t h o f t h e N - W e l l m u s t b e d e e p e n o u g h s u c h t h a t
t h e s u b s e q u e n t i m p l a n t s f o r t h e b a s e a n d e m i t t e r c a n ’ t d i f f u s e
t h r o u g h t h e w e l l i n t o t h e p - s u b s t r a t e a n d e f f e c t i v e l y s h o r t o u t
t h e b a s e - c o l l e c t o r j u n c t i o n t h e r e b y f o r m i n g a d i o d e i n s t e a d o f a
t r a n s i s t o r . T h e b a s e - w i d t h o f t h e N P N d e v i c e i s a v e r y c r i t i c a l
p a r a m e t e r t h a t d i r e c t l y a f f e c t s t h e d e v i c e p a r a m e t e r B e t a a n d
t h e r e f o r e t h e p e r f o r m a n c e o f t h e d e v i c e . T h e b a s e w i d t h w a s
d e t e r m i n e d b y S U P R E M t o b e 0 . 9 u r n t o p r o d u c e a n N P N d e v i c e w i t h a
B e t a o f 5 4 . 1 2 .
E m i t t e r / b a s e p r o f i l e O v b i a s
I
I n o r d e r t o c o m p l e t e t h e s e c o n d p a r t o f t h i s r e s e a r c h w o r k
( c o m p a r i s o n o f t h e C M O S a n d B i C M O S t e c h n o l o g i e s ) , d e v i c e
p a r a m e t e r s t h a t w e r e e x t r a c t e d f r o m t h e S U P R E M s i m u l a t i o n s w e r e
u s e d t o c r e a t e P M O S , N M O S , a n d N P N m o d e l c a r d s f o r ~ c c u s i m
s i m u l a t i o n s . ~ c c u s i m i s a S P I C E 2 6 . 6 b a s e d s i m u l a t o r a v a i l a b l e
t h r o u g h M e n t o r G r a p h i c s . T h e t w o f u n c t i o n a l l y e q u i v a l e n t
i n v e r t e r c i r c u i t s ( o n e u s i n g C M O S t e c h n o l o g y a n d t h e o t h e r i n
B i C M O S ) w e r e d e s i g n e d t o d r i v e 5 O p F l o a d s . F i g u r e s 3 a n d 4 a r e
s c h e m a t i c s o f t h e s e c i r c u i t s . M o r e d i s c u s s i o n o f d e s i g n
c o n s i d e r a t i o n s f o r e a c h o f t h e s e c i r c u i t s i s a v a i l a b l e i n t h e
R e s u l t s a n d D i s c u s s i o n s e c t i o n o f t h i s r e p o r t . T h e s i m u l a t i o n s
t h a t w e r e r u n f o r b o t h o f t h e s e c i r c u i t s w e r e a i m e d t o r e v e a l t h e
4 . 0 0 3
D i s t n c ~ D 4 ~ c r a n . )
F i Q u r l 2 : N P N T r a n s i s t o r C o n c e n t r a t i o n P r o f i l e .
1 1 2
b e n e f i t s o f t h e B i C M O S t e c h n o l o g y t h a t w e r e d i s c u s s e d i n t h e
I n t r o d u c t i o n . T h e p r o p a g a t i o n d e l a y a n d s t a t i c p o w e r a r e t h e
m o s t c r i t i c a l c h a r a c t e r i s t i c s o f a l o g i c c i r c u i t . T h e
p r o p a g a t i o n d e l a y s i m u l a t i o n s w e r e r u n a t t e m p e r a t u r e s r a n g i n g
f r o m - 4 0 C t o 1 2 5 C f o r e a c h c i r c u i t t o d e t e r m i n e t h e d e p e n d a n c e o f
b o t h c i r c u i t s o n e x t e r n a l c o n d i t i o n s .
R E S U L T S / D I S C U S S I O N
T h e C M O S i n v e r t e r s h o w n i n F i g u r e 3 i s a c t u a l l y a f i v e s t a g e
i n v e r t e r w i t h a b u i l d - u p r a t i o o f 2 . 7 6 . T h e b u i l d - u p o f f i v e
s t a g e s i s n e c e s s a r y t o d r i v e t h e 5 O p F l o a d m o s t e f f i c i e n t l y . T h e
t o t a l g a t e w i d t h f o r t h i s c i r c u i t i s 3 2 , 5 0 2 u m , w h i c h i s a
r e l a t i v e l y l a r g e i n v e r t e r . T h e B i C M O S i n v e r t e r s h o w n i n F i g u r e 4
c o n s i s t s o f s i x M O S t r a n s i s t o r s a n d t w o N P N t r a n s i s t o r s . T i m i n g
i s v e r y i m p o r t a n t i n t h i s c i r c u i t s i n c e c r o w - b a r c u r r e n t s c o u l d
e s c a l a t e a n d p r o d u c e a p o w e r h u n g r y c i r c u i t . T h e k e y t o
m i n i m i z i n g p o w e r d i s s i p a t i o n i s b y m a k i n g s u r e t h a t b o t h N P N
d e v i c e s a r e n o t c o n d u c t i n g s i m u l t a n e o u s l y . T h e b i p o l a r d e v i c e s
a r e c a p a b l e o f s o u r c i n g a n d s i n k i n g v e r y l a r g e c u r r e n t s a n d i f
b o t h d e v i c e s a r e a l l o w e d t o c o n d u c t a t t h e s a m e t i m e , a d i r e c t
p a t h b e t w e e n Y c c a n d g r o u n d w i l l e x i s t a n d r e s u l t i n c o n s i d e r a b l e
p o w e r d i s s i p a t i o n . ~ c h e c k o f t h e c u r r e n t t h r o u g h e a c h o f t h e
d e v i c e s i n t h e B i C M O S i n v e r ’ t e r r e v e a l e d t h a t n o o v e r l a p p i n g
c u r r e n t s e x i s t e d a n d t h e r e f o r e t h e s t a t i c p o w e r c o n s u m p t i o n o f
t h i s c i r c u i t i s z e r o , s a m e a s t h e C M O S i n v e r t e r .
T h e s p e e d a d v a n t a g e o f t h e B i C M O S c i r c u i t w a s v e r y e v i d e n t
t h r o u g h o u t t h e e n t i r e t e m p e r a t u r e r a n g e . T a b l e 1 s h o w s t h e
p r o p a g a t i o n d e l a y s o f b o t h c i r c u i t s a t e a c h t e m p e r a t u r e . ~ t
t y p i c a l c o n d i t i o n s ( T z 2 5 C ) , t h e s l o w e s t p r o p d e l a y f o r t h e B i C M O S
i n v e r t e r i s 5 . 9 l n s a s o p p o s e d t o 2 1 . O 3 n s f o r t h e C M O S i n v e r t e r .
T h e d e p e n d a n c e o n e x t e r n a l c o n d i t i o n s s u c h a s t e m p e r a t u r e w a s
d e t e r m i n e d t o b e l e s s f o r t h e B i C M O S c i r c u i t . R u n n i n g t h e
s i m u l a t i o n s t h r o u g h o u t t h e t e m p e r a t u r e r a n g e ( - 4 0 C t o 1 2 5 C ) t h e
B i C M O S i n v e r t e r ’ s p r o p d e l a y s c h a n g e d o n l y 8 . 1 6 ~ , w h e r e t h e C M O S
i n v e r t e r s l o w e d d o w n b y 1 2 . 2 8 7 . . B e t t e r t e m p e r a t u r e s t a b i l i t y i s
t y p i c a l o f a g o o d B i C M O S c i r c u i t , s i n c e a t h i g h e r t e m p e r a t u r e s
t h e p e r f o r m a n c e o f t h e M O S d e v i c e s d e g r a d e i n a C M O S c i r c u i t .
T h e b i p o l a r d e v i c e s , h o w e v e r , s p e e d u p d u e t o a d e c r e a s e i n Y b e
a n d t h e i n p u t c a p a c i t a n c e , t h e r e b y r e d u c i n g t h e t i m e i t t a k e s t o
c h a r g e a n d t u r n o n t h e t r a n s i s t o r . T h e r e f o r e i n a w e l l d e s i g n e d
B i C M O S c i r c u i t t h e d e g r a d a t i o n a f f e c t o f t h e M O S d e v i c e s i s
o f f s e t b y t h e i m p r o v e d p e r f o r m a n c e o f t h e b i p o l a r d e v i c e s a n d t h e
o v e r a l l c i r c u i t p e r f o r m a n c e r e m a i n s n e a r l y c o n s t a n t .
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T h e t o t a l a r e a o f e a c h c i r c u i t i s a n o t h e r i m p o r t a n t f a c t o r
w h i c h d i s t i n g u i s h e s t h e t w o t e c h n o l o g i e s b e i n g e v a l u a t e d h e r e .
R e c a l l , t h e t o t a l g a t e w i d t h o f t h e C M O S i n v e r t e r i s 3 2 , 5 0 2 u m .
T h e t o t a l g a t e w i d t h o f t h e M O B d e v i c e s i n t h e B i C M O S i n v e r t e r i s
7 , 6 B O u m a n d t h e e m i t t e r l e n g t h o f e a c h o f t h e t w o N P N t r a n s i s t o r s
i s 2 5 0 u m . W h e n a p p r o x i m a t e d i e s i z e s o f b o t h i n v e r t e r s a r e
c o m p a r e d , t h e C M O S c i r c u i t i s f o u n d t o b e a b o u t t w i c e t h e s i z e o f
t h e B i C M O S c i r c u i t . S i n c e t h e d i g i t a l w o r l d i s v e r y m u c h f o c u s e d
o n p r o d u c i n g h i g h - d e n s i t y c h i p s , t h e B i C M O S t e c h n o l o g y c e r t a i n l y
w i l l b e u s e d m o r e w i d e l y i n t h e f u t u r e .
C O N C L U S I O N
~ B i C M O S p r o c e s s w a s d e s i g n e d u s i n g t h e R I T N - w e l l C M O S
p r o c e s s a s t h e s t a r t i n g p o i n t . T h e d e v i c e p a r a m e t e r s f r o m b o t h
p r o c e s s e s w e r e u s e d t o d e s i g n a n d s i m u l a t e t w o f u n c t i o n a l l y
e q u i v a l e n t i n v e r t e r c i r c u i t s ( o n e i n C M O S a n d o n e i n B i C M O S ) .
T h e B i C M O S i n v e r t e r w a s f o u n d t o h a v e c o n s i d e r a b l e a d v a n t a g e s i n
t h e a r e a s o f d i e s i z e , s p e e d , a n d p e r f o r m a n c e c o n s i s t e n c y o v e r a
w i d e t e m p e r a t u r e r a n g e . T h e s e r e s u l t s a r e t h e b a s i s f o r a f i n a l
c o n c l u s i o n o f d e v e l o p i n g a n d u s i n g B i C M O S t o d e s i g n a n d f a b r i c a t e
c i r c u i t s h e r e a t R I T .
R E F E R E N C E S
[ 1 ] D . J . H a m i l t o n a n d W . . 6 . H o w a r d , B a s i c I n t e g r a t e d C i r c u i t
E n g i n e e r i n g , 1 s t e d . ( M c G r a w - H i l l m c , N e w Y o r k , 1 9 7 5 ) ,
p p . 2 1 2 - 2 2 4 .
[ 2 ] B r i a n S a n t o , I E E E S p e c t r u m , p p . 5 0 - 5 3 , ( M a y 1 9 8 9 ) .
[ 3 ] E d w i n W . G r e e n e i c h a n d K e v i n L . M c L a u g h l i n , I E E E J o u r n a l o f
S o l i d - S t a t e C i r c u i t s , 2 3 ( 2 ) , p p . 5 5 8 - 5 6 5 , ( ~ p r i l 1 9 8 8 ) .
[ 4 ] K u b o , M a s u d a , M i y a t a , a n d O g i u e , I E E E J o u r n a l o f S o l i d - S t a t e
C i r c u i t s , 2 3 ( 1 ) , p p . 5 - 1 1 , ( F e b r u a r y 1 9 B 8 ) .
[ 5 ] P e r r y L . H e e d l e y a n d R i c h a r d C . J a e g e r , I E E E C u s t o m
I n t e g r a t e d C i r c u i t s C o n f e r e n c e , 1 9 8 9 .
[ 6 ] G e e r t P . R o s s e e l a n d R o b e r t W . D u t t o n , I E E E J o u r n a l o f
S o l i d - S t a t e C i r c u i t s , 2 4 ( 1 ) , p p . 9 0 - 9 9 , ( F e b r u a r y 1 9 8 9 ) .
[ 7 ] F u j i s h i m a , P ~ s a d a , a n d S u g a n o , I E E E J o u r n a l o f S o l i d - S t a t e
C i r c u i t s , 2 6 ( 1 ) , p p . 2 5 - 3 1 , ( J a n u a r y 1 9 9 1 ) .
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L I J E A R P O L Y G A T E C H A R G E C O U P L E D D E V I C E I M A G I N G A R R A Y S
L u c i e n R a n d a z z e s e
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
A f i v e c a s k l e v e l p r o c e s s w a s u s e d t o
f a b r i c a t e s i n g l e l e v e l , p o l y g a t e d c h a r g e
c o u p l e d d e v i c e s i n t e n d e d f o r u s e a s o p t i c a l
i s a g e r s . T h r e e a i c r o n g a t e s p a c i n g w a s
a c h i e v e d w i t h a n e s u l s i o n c a s k t h r o u g h t i g h t
c o n t r o l o f t h e l i t h o g r a p h y p r o c e s s . T e s t i n g
r e v e a l e d a s h o r t b e t w e e n t h e g a t e s . I t i s
h y p o t h y s i s e d t o r e s u l t f r o c i n s u f f i c i e n t p o l y
g a t e e t c h i n g o r o v e r d i f f u s i o n o f t h e g a t e .
I N T R O D U C T I O N
T h e i n h e r e n t l o w v o l t a g e / l o w p o w e r n a t u r e o f c h a r g e d
c o u p l e d d e v i c e s , C C D s , c o m b i n e d w i t h t h e i r r e l a t i v e e a s e o f
m a n u f a c t u r i n g , h a s l e d t o a w i d e r a n g e o f m i c r o e l e c t r o n i c u s e s
i n c l u d i n g l a r g e s c a l e m e m o r i e s , i m a g i n g a r r a y s a n d d i g i t a l s i g n a l
p r o c e s s i n g c o m p o n e n t s [ 1 ) . I t i s b y e x p l o i t i n g t h e t r a n s p a r e n t
n a t u r e o f p o l y s i l i c o n t h i n f i l m s t h a t C C D s c a n b e u s e d a s s o l i d
s t a t e i m a g i n g d e v i c e s .
A C C D i s e s s e n t i a l l y a l i n e a r a r r a y o f M O S c a p a c i t o r s a l o n g
w h i c h c h a r g e i s t r a n s f e r r e d . C o n s i d e r s u c h a n a r r a y m a d e u p o f
p o l y s i l i c o n g a t e s o v e r a p - t y p e s u b s t r a t e . W h e n a p o s i t i v e
v o l t a g e i s a p p l i e d t o t h e g a t e , t h e h o l e s i n t h e s i l i c o n
s u b s t r a t e a r e r e p e l l e d f r o m t h e s e m i c o n d u c t o r s u r f a c e , c r e a t i n g a
p o s i t i v e l y c h a r g e d d e p l e t i o n r e g i o n a t t h e s u r f a c e . I f t h e g a t e
b i a s i s i n c r e a s e d f u r t h e r , t h e n u m b e r o f e l e c t r o n s a t t h e s u r a c e
w i l l e x c e e d t h e n u m b e r o f h o l e s o r i g i n a l l y p r e s e n t . A t t h i s
p o i n t t h e H O S d e v i c e i s s a i d t o b e i n t h e i n v e r s i o n r e g i m e w i t h
a n e l e c t r o n p o t e n t i a l w e l l u n d e r t h e g a t e .
I f t w o M O S c a p a c i t o r s a r e s p a c e d w i t h i n t h r e e m i c r o n s o f o n e
a n o t h e r t h e i r i n v e r s i o n r e g i o n s w i l l o v e r l a p w h e n b i a s e d . I f t h e
t w o g a t e s a r e s e q u e n t i a l l y b i a s e d w i t h o v e r l a p p i n g p u l s e s i g n a l s ,
a n y c h a r g e s t o r e d i n t h e f i r s t i n v e r s i o n w e l l w i l l b e t e m p o r a r i l y
s h a r e d b y b o t h c a p a c i t o r s , a n d f o l l o w i n g t h a t , w i l l r e s i d e
c o m p l e t e l y u n d e r t h e s e c o n d . T h e o r i g i n o f t h i s c h a r g e c a n b e
f r o m c u r r e n t i n j e c t i o n o r b y g e n e r a t i o n o f e l e c t r o n - h o l e p a i r s
v i a t h e r m a l o r o p t i c a l m e a n s . U s i n g a s i n g l e l e v e l g a t e
c o n f i g u r a t i o n , a t h r e e p h a s e o v e r l a p p i n g c l o c k c a n b e u s e d t o
p r o p a g a t e c h a r g e a l o n g a C C D a r r a y .
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t a t i . . t S t i t 5 ~ t p 1 .
U s i n g F i g u r e 1 , l e t u s e x a m i n e t h e p r o p a g a t i o n o f c h a r g e i n
a l i t t l e m o r e d e t a i l . S h o w n i s a 9 - g a t e , 3 - p i x e l C C D a r r a y c r o s s
s e c t i o n e m p l o y i n g a t h r e e p h a s e c l o c k s c h e m e . A t t i m e t 1 a
p o t e n t i a l w e l l e x i s t s u n d e r e v e r y M O S c a p a c i t o r g a t e
c o n n e c t e d t o c l o c k . A t t i m e t 2 e v e r y g a t e c o n n e c t e d t o i s
a l s o b i a s e d f o r d e p l e t i o n . F o r a s h o r t t i m e t h e n w h e n b o t h ~
a n d ~ L a r e h i g h , t h e p o t e n t i a l w e l l s a r e t w o c a p a c i t o r s w i d e . c ~ s
1 ~ I ~ g o e s l o w t h e p o t e n t i a l w e l l u n d e r ~ g a t e s d i s a p p e a r s a n d t h e
c h a r g e s t o r e d u n d e r t h e m s p i l l s c o m p l e t e l y i n t o t h e p o t e n t i a l
w e l l s u n d e r ~ g a t e s , a t t i m e t 3 . A t t i m e s t 4 a n d t 5 t h e s a m e
m e c h a n i s m s h i f t s t h e c h a r g e f r o m u n d e r t h e ~ ~ a t e s t o u n d e r t h e
g a t e s . A t t i m e t 6 t h e c h a r g e i s t e m p o r a r i l y s h a r e d b e t w e e n ~
a n d c ~ g a t e s a n d f i n a l l y s p i l l e d e n t i r e l y i n t o t h e w e l l s u n d e r t h e
t ~ ~ 1 g a t e s , t 1 , m i m i c k i n g t h e o r i g i n a l c h a r g e s t o r a g e s c h e m e e x c e p t
n o w t h e f r e e c h a r g e c o n f i g u r a t i o n i n t h e s i l i c o n h a s b e e n s h i f t e d
3 M O S c a p a c i t o r s d o w n t h e C C D a r r a y [ 2 ] .
T h e l a s t g a t e o f t h e a r r a y m u s t o v e r l a p t h e o u t p u t n - w e l l t o
g u a r a n t e e t h e s h i f t e d c h a r g e w i l l b e i n j e c t e d i n t o t h e o u t p u t
d i o d e . T h i s i n 3 e c t i o n c a n b e d e t e c t e d a s a c u r r e n t s p i k e a t a
r e l a t i v e l y h i g h c a p a c i t a n c e o u t p u t t e r m i n a l ( t h e c a p a c i t a n c e i s
p r o v i d e d o f f c h i p ) [ 3 ] .
D u e t o t h e t r a n s p a r e n c y o f p o l y s i l i c o n f i l m s , p o l y s i l i c o n
g a t e d C C D ’ s c a n b e u s e d a s i m a g i n g a r r a y s . A s v i s i b l e l i g h t
i m p i n g e s o n t h e a r r a y i t t r a v e l s r e l a t i v e l y u n i m p e d e d t h r o u g h t h e
p o l y a n d t h i n o x i d e t o g e n e r a t e f r e e c h a r g e c a r r i e r s i n t h e
s e m i c o n d u c t o r . T h e d e n s i t y o f t h e s e p h o t o - g e n e r a t e d c a r r i e r s i s
M e t a l
( O u t p u t )
F i g u r e 1 : 3 p i x e l C C D a r r a y a n d c l o c k i n g s c h e m e .
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p r o p o r t i o n a l t o t h e i n t e n s i t y o f i n c i d e n t l i g h t a n d t h e t i m e
a l l o w e d f o r c h a r g e a c c u m u l a t i o n , r e f e r r e d t o a s t h e i n t e g r a t i o n
t i m e . I f c h a r g e i s a l l o w e d t o b u i l d u p i n d e f i n a t e l y i t m a y s p i l l
o v e r i n t o a d j a c e n t w e l l s . T h u s a w e l l o r p i x e l m a y c o n t a i n a n
a m o u n t o f c h a r g e n o t p r o p o r t i o n a l t o t h e i n c i d e n t l i g h t
i n t e n s i t y , j e o p a r d i z i n g t h e i n t e g r i t y o f t h e s t o r e d i n f o r m a t i o n .
T h e c h a r g e p r o f i l e c r e a t e d u n d e r t h e a r r a y b y t h e o p t i c a l i m a g e
c a n b e c o n t i n u o u s l y c l o c k e d o u t b y m e a n s o f t h e c h a r g e t r a n s f e r
m e c h a n i s m d e s c r i b e d a b o v e a n d u s e d t o p r o v i d e d y n a m i c i n f o r m a t i o n
o n t h e l i g h t i n c i d e n t o n t h e s e m i c o n d u c t o r d e v i c e . F o r
e l e c t r o n i c i m a g e s c a n n i n g a p p l i c a t i o n s t h e a r r a y o u t p u t c a n b e
u s e d t o s t i t c h t o g e t h e r a d i g i t a l r e p l i c a t i o n o f a n i m a g e o v e r
w h i c h t h e C C D a r r a y i s p a s s e d . N o t e t h a t t o p r e v e n t t h e c h a r g e
f r o m i n d i v i d u a l p i x e l s f r o m m i x i n g , t h r e e g a t e s , o n e f o r e a c h
p h a s e o f t h e c l o c k , i s n e e d e d f o r o n e p i x e l .
G a t e t h i c k n e s s m u s t b e m i n i m i z e d i n o r d e r t o m a x i m i z e c h a r g e
c r e a t i o n . I n a d d i t i o n , a t h i n n e r p o l y t h i c k n e s s a l s o a l l o w s f o r
a b e t t e r p o l y e t c h d u e t o r e d u c e d a s p e c t r a t i o s . T h e s e b e n e f i t s
o f t h i n p o l y g a t e s h a d t o b e b a l a n c e d w i t h t h e c o n s t r a i n t s o n
g a t e r e s i s t a n c e . I n t h i s e x p e r i m e n t , t h e d e s i g n a n d f a b r i c a t i o n
o f t h r e e p h a s e p o l y g a t e d C C D i n i a g i n g a r r a y s w a ~ i m p l e m e n t e d u s i n g
a p - t y p e s u b s t r a t e b e c a u s e t h e m i n o r i t y c a r r i e r s a r e e l e c t r o n s
w h o s e g r e a t e r m o b i l i t y a l l o w s f o r b e t t e r c h a r g e t r a n s f e r . W i t h
t h i s s i n g l e l e v e l c o n f i g u r a t i o n , g a t e s p a c i n g p l a y s a c r i t i c a l
r o l e i n c h a r g e t r a n s f e r e f f i c i e n c y [ 4 ) . I t w a s b e l i e v e d t h a t t h e
r e q u i s i t t h r e e m i c r o n g a t e s p a c i n g c o u l d b e a c h i e v e d u s i n g
e m u l s i o n m a s k l i t h o g r a p h y w i t h t i g h t c o n t r o l o f t h e e x p o s u r e a n d
d e v e l o p m e n t s t e p s .
E X P E R I M E N T
C C D a r r a y s c o n s i s t i n g 2 , 3 a n d 6 p i x e l c o n f i g u r a t i o n s w e r e
i m p l e m e n t e d w i t h t h r e e 6 0 u r n x 1 0 0 u r n d o p e d p o l y s i l i c o n g a t e s p e r
p i x e l . G a t e s p a c i n g s o f 2 , 3 a n d 4 u r n w e r e d e s i g n e d i n o r d e r t o
i n s u r e s u c c e s s f u l p o l y - g a t e d e f i n i t i o n d u r i n g e m u l s i o n m a s k
l i t h o g r a p h y a n d e t c h i n g . D e v i c e f a b r i c a t i o n i n c l u d e d 5 m a s k i n g
l e v e l s : o u t p u t d i o d e a n d u n d e r p a s s d i f f u s i o n , t h i n o x i d e , p o l y
g a t e d e f i n i t i o n , c o n t a c t c u t s a n d m e t a l i n t e r c o n n e c t s . S i x p
t y p e < 1 0 0 > 5 o h m - c m S i w a f e r s w e r e u s e d t o f a b r i c a t e a l l d e v i c e s .
A n a d d i t i o n a l 2 w a f e r s w e r e u s e d a s c o n t r o l w a f e r s .
T M A S U P R E M - 3 p r o c e s s s i m u l a t i o n s o f t w a r e w a s u s e d t o v e r i f y
t h a t t h e 3 2 6 4 A o f i n i t i a l o x i d e w a s e n o u g h t o m a s k a 3 5 m i n u t e ,
l l O O C s u b s t r a t e d i f f u s i o n ( 1 5 m i n u t e s i n N 2 , 2 0 m i n u t e s i n w e t
0 2 ) . F o l l o w i n g t h i s s p i n o n p h o s p h o r o u s p r e d e p o s i t , t h e m a s k i n g
o x i d e a n d d o p a n t g l a s s w e r e r e m o v e d a n d a 2 0 m i n u t e , l l O O C ,
d r i v e - i n w a s p e r f o r m e d i n w e t 0 2 . T h i s r e s u l t e d i n a 3 7 0 4 A f i e l d
o x i d e w i t h 3 l 3 l A o f o x i d e o v e r t h e p h o s p h o r o u s d i f f u s i o n r e g i o n s .
A 6 5 0 A g a t e o x i d e w a s g r o w n a t i l O O C ( 1 0 m i n u t e s i n d r y o 2
f o l l o w e d b y 1 0 m i n u t e s i n N 2 ) a f t e r t h i n o x i d e l i t h o g r a p h y a n d
e t c h . A 1 7 9 2 A P o l y s i l i c o n f i l m w a s L P C V D d e p o s i t e d a t 6 l O C .
S u p r e m 3 w a s a g a i n u s e d t o d e t e r m i n e t h e m a x i m u m p o l y d o p i n g
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a l l o w a b l e w i t h o u t j e o p a r d i z i n g t h e t h i n o x i d e g a t e d i e l e c t r i c .
A f t e r r u n n i n g s e v e r a l s i m u l a t i o n s a 9 5 0 C d i f f u s i o n ( 1 5 m i n u t e s i n
N 2 f o l l o w e d b y 5 m i n u t e s i n w e t O 2 ) s h o w e d s u f f i c i e n t p o l y d o p i n g
w i t h a s u b s t a n t i a l m a r g i n o f s a f e t y f o r p r o t e c t i n g t h e g a t e
d i e l e c t r i c . A s p i n o n t y p e b o r o n d i f f u s i o n s o u r c e w a s u s e d h e r e .
T h e c r i t i c a l p r o c e s s i n g s t e p w a s t h e p o l y s i l i c o n g a t e
d e f i n i t i o n , b o t h l i t h o g r a p h y u s i n g a n e m u l s i o n m a s k , a n d e t c h i n g .
O p t i c a l m i c r o s c o p y i n s p e c t i o n o f t h e m a s k s s h o w e d t h e 2 , 3 a n d 4
u r n g a t e s p a c i n g f e a t u r e s t o b e w e l l d e f i n e d . T h e w a f e r s w e r e
i n t e n t i o n a l l y u n d e r e x p o s e d b y 1 5 % ( D o s e 0 . 8 5 O p t i m a l D o s e ) s o
a s t o m i n i m i z e t h e r e s i s t s p a c i n g s . A 3 m i n u t e o x y g e n p l a s m a a s h
w a s u s e d t o c l e a r t h e r e s i d u a l r e s i s t s c u m w h i c h r e s u l t e d f r o m
t h e i n t e n t i o n a l u n d e r e x p o s u r e . P o l y e t c h i n g w a s d o n e i n a T e g a l
7 0 0 p l a s m a e t c h e r r u n n i n g 3 . 5 s c c m o f 0 2 a n d 1 0 s c c m o f S F 6 .
E a c h w a f e r w a s e t c h e d i n 1 0 s e c o n d i n t e r v a l s w i t h o p t i c a l
i n s p e c t i o n s b e t w e e n e a c h e t c h . E t c h i n g t o o k 9 0 s e c o n d s t o
c o m p l e t e f o r a l l w a f e r s .
C o n t a c t c u t s a n d m e t a l i n t e r c o n n e c t i o n ( a l u m i n u m w a s
e v a p o r a t e d ) c o m p l e t e d t h e f a b r i c a t i o n p r o c e s s . N o t e t h a t b o t h
4 5 0 C , 2 0 m i n u t e s i n t e r w a s d o n e b o t h b e f o r e a n d a f t e r a l u m i n u m
p a t t e r n i n g . C o m p l e t e p r o c e s s s h e e t s a n d o u t p u t d e c k s f o r T M A
S U P R E M - 3 s i m u l a t i o n s a r e p r o v i d e d i n t h e a p p e n d i c e s . F i g u r e s 2
a n d 3 i l l u s t r a t e t h e l a y o u t f o r a 9 - g a t e 3 p i x e l d e v i c e a n d t h e
t e s t i n g c i r c u i t r y s c h e m a t i c s r e s p e c t i v e l y .
T e s t i n g c i r c u i t r y w a s p r o v i d e d o f f c h i p v i a a b r e a d b o a r d
s e t u p i n a n e f f o r t t o m i n i m i z e n o n C C D r e l a t e d f a i l u r e s . A
o s c i l l o s c o p e w a s u s e d t o m o n i t o r t h e o u t p u t o f t h e a r r a y s
d i r e c t l y f r o m t h e c h i p w h i l e w e r e t e s t e d w i t h a v a r i a b l e
i n t e n s i t y w h i t e l i g h t .
R E S U L T S / D I S C U S S I O N
P r o c e s s i n g o f t h e l i n e a r p o l y g a t e d C C D a r r a y s w a s
s u c c e s s f u l i n p r o d u c i n g 2 t e s t a b l e w a f e r s . E v e n w i t h t h e 3
m i n u t e 0 2 a s h o f t h e r e s i s t , g a t e s p a c i n g f e a t u r e s o n a l l w a f e r s
f o r m o s t d e v i c e s d e s i g n e d w i t h 2 a n d 3 m i c r o n s p a c i n g s w e r e
s c u m m e d . T h e r e s i s t i m a g e f o r d e v i c e s d e s i g n e d w i t h f o u r m i c r o n
g a t e s p a c i n g s s h o w e d g a t e s p a c i n g s o f a p p r o x i m a t e l y 3 m i c r o n s .
M a n y o f t h e s e s p a c i n g s w e r e r o u g h a n d a 6 s e c o n d p o l y e t c h w a s
d o n e a f t e r t h e p r o t e c t i v e r e s i s t m a s k h a d b e e n a s h e d a w a y i n a n
e f f o r t t o c l e a r s o m e r e s i d u a l p o l y b r i d g i n g . T h i s p r o c e s s w a s
s u c c e s s f u l f o r t w o w a f e r s b u t r e s u l t e d i n o v e r - e t c h e d g a t e s f o r
d e v i c e w a f e r s 2 t h r o u g h 4 a n d 6 .
T e s t i n g s h o w e d a l l t h e g a t e s s o b e s h o r t e d t o g e t h e r t h r o u g h
a r e s i s t i v e p a t h . I - V c u r v e s g e n e r a t e d f o r t h e e l e c t r i c a l
c h a r a c t e r i s t i c s b e t w e e n e a c h c l o c k p a d a n d t h e o u t p u t p a d s h o w e d
l i n e a r r e s i s t i v e p a t h s r a n g i n g i n v a l u e f r o m 0 . 5 k o h m t o 1 . 5 k o h m
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F i g u r e 3 : C l o c k i n g a n d o u t p u t c i r c u i t r y .
1 2 0
T h i s w a f e r - w i d e s h o r t w a s m o s t l i k e l y c a u s e d d u r i n g e i t h e r
t h e p o l y d o p i n g o r p o l y e t c h i n g s t e p s . I f t h e b o r o n p o l y s i l i c o n
d o p i n g p r o c e s s w a s t o o s e v e r e t h e d o p a n t s m a y h a v e d i f f u s e d r i g h t
t h r o u g h t h e t h i n g a t e o x i d e , s h o r t i n g t h e g a t e s t o t h e s u b s t r a t e
a n d w a s h i n g o u t t h e n - t y p e o u t p u t d i o d e d i f f u s i o n u n d e r t h e l a s t
g a t e . T h i s w o u l d h a v e s u c c e e d e d i n e f f e c t i n g a r e s i s t i v e p a t h
b e t w e e n e a c h g a t e a n d t h e o u t p u t . S U P R E M - 3 s i m u l a t i o n s o f t h e
p o l y d o p i n g s h o w a g a t e o x i d e p e n e t r a t i o n o f o n l y 1 0 0 A a n d s o i t
i s u n l i k e l y t h a t t h e b o r o n a c t u a l l y d i f f u s e d t h r o u g h t h e e n t i r e
6 5 0 A o f g a t e o x i d e a n d w a s h e d o u t t h e n - t y p e o u t p u t d i o d e
d i f f u s i o n a s w e l l .
T h e m o r e l i k e l y e x p l a n a t i o n o f t h e w a f e r - w i d e s h o r t i n g
o b s e r v e d d u r i n g C C D t e s t i n g w a s a n i n s u f f i c i e n t p o l y e t c h . I f
t h e g a t e s h a d n o t b e e n c o m p l e t e l y e t c h e d , a t h i n s h e e t o f
p o l y s i l i c o n w o u l d h a v e b e e n p r e s e n t o v e r t h e e n t i r e s u r f a c e o f
e a c h w a f e r . G i v e n t h e d o p e d n a t u r e o f t h e p o l y s i l i c o n a n d t h e
e x t r e m e l y s m a l l e f f e c t i v e s q u a r e n u m b e r b e t w e e n a n y c l o s e l y
s p a c e d 1 0 0 u r n g a t e s , t h e r e s i s t a n c e v a l u e s d e t e r m i n e d a r e n o t a t
a l l u n r e a l i s t i c .
C O N C L U S I O N S
T w o , t h r e e a n d s i x p i x e l p o l y g a t e d C C D i m a g i n g a r r a y s w e r e
c o n s t r u c t e d w i t h g a t e s p a c i n g s o f 3 u r n a c h i e v e d w i t h e m u l s i o n
m a s k t e c h n o l o g y t h r o u g h t i g h t c o n t r o l o f l i t h o g r a p h y a n d p o l y
e t c h i n g s t e p s . C C D f u n c t i o n a l i t y c o u l d n o t b e d e m o n s t r a t e d d u e
t o w a f e r - w i d e s h o r t s w h i c h a p p e a r e d o n a l l d e v i c e w a f e r s . T h e s e
s h o r t s r e s u l t e d e i t h e r f r o m a p o l y d i f f u s i o n w h i c h b r o k e t h r o u g h
a n d s h o r t e d t h e g a t e o x i d e , o r a m o r e l i k e l y p o l y g a t e u n d e r
e t c h .
A C K N O W L E D G M E N T S
T h e a u t h o r w o u l d l i k e t o t h a n k t h e f o l l o w i n g p e o p l e f o r
t h e i r v a r i o u s c o n t r i b u t i o n s t o t h i s p r o j e c t : M i k e J a c k s o n , P a t
D r e n n a n a n d D r . Z o r a n N i n k o f .
R E F E R E N C E S
[ 1 ] W . F . K o s n o c k y , C h a r g e - C o u p l e d D e v i c e s - A n O v e r v i e w , ( I E E E
P r e s s , N e w Y o r k , 1 9 7 7 ) , p . 2 .
[ 2 ) 0 . G . D e w i t t , M o d e r n M O S T e c h n o l o g y : P r o c e s s , D e v i c e a n d
D e s i g n . ( M c G r a w H i l l , N e w Y o r k , 1 9 8 4 ) , p p . 1 5 2 - 1 5 3 .
[ 3 ) M . J . M a r e k , M S t h e s i s , R o c h e s t e r i n s t i t u t e o f T e c h n o l o g y ,
1 9 8 9 .
[ 4 ) C . H S e q u i n a n d M . F . T o m p s e t t , C h a r g e t r a n s f e r D e v i c e s ,
( A c a d e m i c P r e s s , N e w y o r k , 1 9 7 5 ) , p . 2 1 .
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I N T R O D U C T I O N
S T U D I E S O F O P T I C A L L I T H O G R A P H I C P R O C E S S
W I T H T H E A I D O F P R O L I T H / 2
W A I - M A N W I L M A S H I A O
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
P R O L I T H / 2 , a t o o l f o r m o d e l l i n g a n d a n a l y z i n g
p h o t o l i t h o g r a p h i c p r o c e s s e s , w a s u s e d t o
e x p l o r e t w o s t a t i s t i c a l l y d e s i g n e d
e x p e r i m e n t s . T h e f i r s t w a s t h e a e r i a l i m a g e
f o r m a t i o n a n d t h e s e c o n d w a s r e s i s t
d e v e l o p m e n t p r o c e s s . R e s u l t s a r e p r e s e n t e d
t o i l l u s t r a t e t h e s o f t w a r e c a p a b i l i t y .
P R O L I T F { / 2 ( P o s i t i v e R e s i s t O p t i c a l L i t h o g r a p h y M o d e l ) i s
u s e r f r i e n d l y s o f t w a r e d e v e l o p e d t o s i m u l a t e s t a n d a r d a n d
a d v a n c e d l i t h o g r a p h i c p r o c e s s e s u s e d i n t h e f a b r i c a t i o n o f
i n t e g r a t e d c i r c u i t s . I n p a r t i c u l a r , i t c a n s i m u l a t e ( 1 ) t h e
f o r m a t i o n o f a n a e r i a l i m a g e o f a s i n g l e m a s k f e a t u r e b y a
p r o j e c t i o n o p t i c a l s y s t e m , ( 2 ) e x p o s u r e o f a l i g h t s e n s i t i v e
p h o t o r e s i s t b y t h i s i m a g e , a n d ( 3 ) d e v e l o p m e n t o f t h e e x p o s e d
p h o t o r e s i s t t o p r o d u c e a r e l i e f i m a g e { l ) .
O n e o p t i o n i n P R O L I T H / 2 i s t o o p e r a t e i n t h e “ S i n g l e R u n ’
m o d e . I n t h i s m o d e , a s i m u l a t i o n o f t h e e x p o s u r e a n d d e v e l o p m e n t
o f a s i n g l e m a s k f e a t u r e i s d o n e . T h e r e s u l t s a r e s h o w n i n
F i g u r e 1 . T h e f i r s t g r a p h i s t h e a e r i a l i m a g e a t t h e t o p o f t h e
p h o t o r e s i s t . T h e s e c o n d g r a p h i s t h e s t a n d i n g w a v e i n t e n s i t y i n
t h e r e s i s t . T h e t h i r d g r a p h s h o w s t h e r e l a t i v e c o n c e n t r a t i o n o f
p h o t o a c t i v e c o m p o u n d ( P A C ) , a n d t h e f i n a l g r a p h i s t h e
p h o t o r e s i s t p r o f i l e [ 1 )
F i g u r e 1 : S i n g l e R u n G r a p h i c a l O u t p u t [ 1 ] .
P R O L I T I - 1 / 2
H . . T . . i t t ~ . h . i , t O p t ~ ~ . l L l t h . t . . p ) , y i . d . 1 . , 2 . ~
1 2 2
1 . W a v e l e n g t h
2 . N u m e r i c a l A p e r t u r e
3 . P a r t i a l C o h e r e n c e
4 . W i d t h
5 . P i t c h
6 . M a s k B i a s
7 . F o c a l D i s t a n c e
8 . F i x e d D e f o c u s
9 . F l a r e
1 1 . R e s i s t T h i c k n e s s
1 2 . R e s i s t A
1 3 . R e s i s t B
1 4 . R e s i s t C
1 5 . P r e b a k e T e m p e r a t u r e
1 6 . P r e b a k e T i m e
2 1 - 2 9 . T h i c k n e s s o f L a y e r s 1 - 9
3 1 . C E L T h i c k n e s s
3 2 . C E L A
3 3 . C E L B
3 4 . C E L C
4 1 . E x p o s u r e E n e r g y
5 1 . P E B D i f f u s i o n L e n g t h
5 2 . P E B T e m p e r a t u r e
5 3 . P E B T i m e
6 1 . D e v e l o p m e n t T i m e
6 2 . R m a x
6 3 . R m i n
6 4 . T h r e s h o l d m
6 5 . S e l e c t i v i t y n
6 6 . R e l a t i v e S u r f a c e R a t e
6 7 . I n h i b i t i o n D e p t h
“ F o c u s - E x p o s u r e M a t r i x ” i s t h e t h i r d o p t i o n o f P R O L I T H / 2 .
I t i s a p l o t o f r e s i s t l i n e w i d t h a s a f u n c t i o n o f f o c u s f o r
d i f f e r e n t v a l u e s o f e x p o s u r e w i t h a l l o t h e r p a r a m e t e r s f i x e d .
T h e o u t p u t f o r t h i s r u n m o d e i s s h o w n i n F i g u r e 3 [ 1 ) .
F i g u r e 3 : F o c u s - E x p o s u r e R u n G r a p h i c a l O u t p u t [ 1 ] .
I n t h i s p r o j e c t , t w o p h o t o l i t h o g r a p h i c p r o c e s s , t h e
f o r m a t i o n o f a e r i a l i m a g e a n d d e v e l o p m e n t , w e r e c h a r a c t e r i z e d
u s i n g P R O L I T H / 2 b y s t u d y i n g t h e e f f e c t s o f e x p o s u r e t o o l s
p r o p e r t i e s a n d v a r i a t i o n s i n p r o c e s s p a r a m e t e r s o n r e s u l t i n g
r e s i s t p r o f i l e s . R S / D i s c o v e r , a s t a t i s t i c a l a n a l y s i s s o f t w a r e
p a c k a g e , i s u s e d t o a n a l y z e t h e r e s u l t s .
“ M u l t i p l e R u n ” m o d e i s t h e s e c o n d o p t i o n o f P R O L I T H / 2 . I n
t h i s m o d e , o n e o f t h e i n p u t p a r a m e t e r s s h o w n i n F i g u r e 2 i s
s e l e c t e d w i t h a d e s i r e d r a n g e t o s t u d y i t s e f f e c t s o n o n e o f t h e
e i g h t o u t p u t s . T h e s e e i g h t o u t p u t s a r e : I m a g e L o g - S l o p e , P A C
G r a d i e n t , F i l m S t a c k R e f l e c t i v i t y , R e s i s t L i n e w i d t h , S i d e w a l l
A n g l e , A e r i a l I m a g e , R e s i s t G a m m a , a n d C l e a r i n g D o s e [ 1 ) .
P R O L I T H / 2
O h . P . . i t i o . ~ . . i . t O ~ t 1 n * i L i ) h O 5 r . p h y ~ b O 1 . . . 2 . P G
R e s i s t U n e w i d t h ( m i c r o n s )
2 ) J o n 1 9 9 0
0 . 1 . I t n I t . 1 , 4 1 . 4 4 . 1
E x p o s u r e E n e r g y ( r n j l c r n 2 )
_ _ _ _ _ _ _ _ _ _ I I
F i g u r e 2 : “ M u l t i p l e R u n ” I n p u t V a r i a b l e s a n d
M u l t i p l e R u n G r a p h i c o u t p u t [ 1 ] .
R e s i s t U n e w l d l h ( m k ~ o n s )
P R O L 1 T H / 2 2 I ~ a t 9 9 C
O h . P I . i t i . . ~ . . t . t b t t n ~ 1 L t t h . ~ . p h ~ M . d . 1 . n 2 . ~
f t . 7 0 , n J o n n ?
C o . I t O e A o n , . E
f t . I C C l o n , C
C o . I S O n , . W o n 2
C o • 2 ~ 0 o , J / O n Z
f t . 0 7 0 n I . C ’ t n O
C o . S l o e . w o , , C
F o c a l P o s i t i o n ( u r n )
( P , l n t O h
1 2 3
E X P E R I M E N T
B o x — B e h n k e n d e s i g n e d e x p e r i m e n t s w e r e g e n e r a t e d t o s t u d y t h e
p a r a m e t e r s t h a t w o u l d a f f e c t t h e a e r i a l i m a g e f o r m a t i o n a n d
r e s i s t d e v e l o p m e n t p r o c e s s . F o r e a c h p r o c e s s , r e s p o n s e ( s ) , w h i c h
c o u l d m e a s u r e t h e p r o c e s s p e r f o r m a n c e , a n d p a r a m e t e r s , t h a t c o u l d
a f f e c t t h i s r e s p o n s e ( s ) , w e r e d e t e r m i n e d . T h e n , t h e y w e r e i n p u t
i n t o R S / D i s c o v e r f o r t h e g e n e r a t i o n o f a n e x p e r i m e n t d e s i g n . A
W o r k s h e e t w h i c h c o n t a i n e d t h e r e q u i r e d n u m b e r o f e x p e r i m e n t a l
r u n s a n d c o n d i t i o n s w a s c r e a t e d . S i m u l a t i o n s w e r e t h e n c a r r i e d
o u t i n P R O L I T H / 2 a c c o r d i n g t o t h e w o r k s h e e t t o g e t t h e n e c e s s a r y
r e s u l t s . T h e r e s u l t s w e r e i n p u t i n t o R S / D i s c o v e r t o s t u d y t h e
e f f e c t s o f e a c h p a r a m e t e r .
F o r t h e p r o c e s s o f a e r i a l i m a g e f o r m a t i o n , t h e r e s p o n s e w a s
t h e a e r i a l i m a g e c o n t r a s t . T h i s i s t h e s l o p e o f t h e n a t u r a l l o g
o f t h e a e r i a l i m a g e a t t h e n o m i n a l m a s k e d g e . T h e p a r a m e t e r s
w h i c h w o u l d a f f e c t t h i s r e s p o n s e w e r e t h e o b j e c t i v e N A ,
c o h e r e n c e , n o m i n a l l i n e w i d t h , d e f o c u s , a n d t h e r e l a t i v e
b a c k g r o u n d i n t e n s i t y . T h e m i n i m u m r e s o l u t i o n o f a l e n s a r e f o u n d
b y
R = K x l a m d a I N A ( 1 )
w h e r e K i s a c o n s t a n t w h i c h d e p e n d s o n t h e o p t i c a l t o o l a n d l a m d a
i s t h e w a v e l e n g t h . F r o m t h i s e q u a t i o n , i t i s f o u n d t h a t
r e s o l u t i o n c a n b e i m p r o v e d b y s h o r t e n i n g w a v e l e n g t h a n d
i n c r e a s i n g N A w i t h t h e e x p e n s e o f l o w e r i n g t h e d e p t h o f f i e l d , O F
[ 2 ] . I t s r e l a t i o n w i t h N A a n d w a v e l e n g t h i s
O F = ~ 1 - l a m d a / ( 2 x N A * * 2 ) ( 2 )
C o h e r e n c y o r t h e c o h e r e n c e f a c t o r , 0 , i s d e f i n e d a s
N u m e r i c a l a p e r t u r e o f c o n d e n s e r
( 3 )
N u m e r i c a l a p e r t u r e o f o b j e c t i v e
F o r a c o h e r e n t s o u r c e , t h e m a i n d r a w b a c k i s t h e s e v e r e i m a g e
d e g r a d a t i o n d u e t o d i f f r a c t i o n . H o w e v e r , a n i n c o h e r e n t s o u r c e
l o w e r s t h e c o n t r a s t o f t h e o p t i c a l s y s t e m , t h e e f f e c t i v e
r e s o l u t i o n , a n d t h e d e p t h o f f o c u s o f a p r o j e c t e d i m a g e [ 2 ] . I n
t h i s e x p e r i m e n t , t h e w a v e l e n g t h w a s l i m i t e d t o 4 3 6 n m a n d t h e
i m a g e w a s a s s u m e d i n p e r f e c t f o c u s . T h e r a n g e u s e d f o r t h e N A
w h e n g e n e r a t i n g t h e e x p e r i m e n t d e s i g n i n R S / D i s c o v e r w a s f r o m 0 . 3
t o 0 . 6 , t h e r a n g e f o r c o h e r e n c e w a s 0 . 3 t o 0 . 9 , t h e l i n e w i d t h w a s
f r o m 0 . 4 u m t o l . O u m , t h e d e f o c u s w a s f r o m 0 . O u m t o 2 . O u m , a n d t h e
f l a r e w a s f r o m 0 . 0 t o 0 . 1 .
F o r t h e d e v e l o p m e n t p r o c e s s w h i c h f o r m e d a r e l i e f i m a g e i n
p h o t o r e s i s t , t h e r e s p o n s e s w e r e c r i t i c a l d i m e n s i o n , a n d s i d e w a l l
a n g l e . T h e p a r a m e t e r s w h i c h c o u l d a f f e c t t h e s e t w o r e s p o n s e s
w e r e p r e — b a k e t e m p e r a t u r e , e x p o s u r e e n e r g y , p o s t e x p o s u r e b a k e
t e m p e r a t u r e , a n d d e v e l o p m e n t t i m e . R e s i s t p r e b a k e i s t o • r e m o v e
t h e s o l v e n t c a r r i e r f r o m t h e o t h e r i m a g e - f o r m a t i o n i n g r e d i e n t s o r
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s o l i d s . T o o l o w o r t o o h i g h p r e b a k e t e m p e r a t u r e w o u l d v a r y t h e
a m o u n t o f s o l v e n t l e f t , w h i c h m a y i n t e r f e r e w i t h t h e r a d i a t i o n
c h e m i s t r y . D i f f e r e n t e x p o s u r e - d e v e l o p m e n t c o m b i n a t i o n s w o u l d
t h e n b e r e q u i r e d t o o b t a i n t h e s a m e l i n e w i d t h [ 2 ) . E x p o s u r e
e n e r g y c a u s e s t h e p h o t o r e s i s t c h e m i c a l r e a c t i o n . I t c a n
d e t e r m i n e t h e a m o u n t o f c r o s s l i n k i n g i n n e g a t i v e r e s i s t o r
s c i s s o n i n g i n p o s i t i v e r e s i s t s . D i f f e r e n t d e g r e e s o f
c r o s s l i n k i n g o r s c i s s o n i n g w o u l d r e s u l t i n d i f f e r e n t c r i t i c a l
d i m e n s i o n s . P o s t e x p o s u r e b a k e i s u s e d t o r e m o v e s t a n d i n g w a v e s
o r a m p l i f y r e s i s t I m a g e s [ 2 ) a n d d e v e l o p m e n t t i m e c o n t r o l s t h e
d e v e l o p e d r e s i s t l i n e w i c i t h . S i n c e t h e p r e - b a k e t i m e a n d
t e m p e r a t u r e , a n d t h e p o s t e x p o s u r e b a k e t i m e a n d t e m p e r a t u r e a r e
d i r e c t l y r e l a t e d , o n l y t h e t e m p e r a t u r e s w e r e c h o s e n t o v a r y . T h e
p r e - b a k e t i m e a n d t h e p o s t e x p o s u r e b a k e t i m e w e r e f i x e d a t 3 0
m i n u t e s i n a c o n v e n t i o n a l o v e n . O t h e r f i x e d s e t t i n g s f o r t h i s
e x p e r i m e n t w e r e t h e r e s i s t t h i c k n e s s o f l u m ; t h e m a s k p a t t e r n o f
l . 2 u m e q u a l l i n e s a n d s p a c e s ; a w a v e l e n g t h o f 4 3 6 n m ; N A o f 2 . 8 ,
c o h e r e n c e o f 0 . 3 ; f o c a l d i s t a n c e o f O u m ( p e r f e c t f o c u s ) ; d e f o c u s
o f O . S u m ; a n d b a c k g r o u n d i n t e n s i t y o f O . O 2 r f l J I c m * * 2 .
T h e r e s i s t t h a t w a s c h o s e n t o b e s t u d i e d w a s S y s t e m 8 f r o m
S h i p l e y . T h e r e a s o n s f o r c h o o s i n g t h e s e v a l u e s a n d r e s i s t w e r e
t o s i m u l a t e a s t e p p e r a t R I T , w h i c h h a s a N A o f 0 . 2 8 . T o o b t a i n
a d e c e n t a e r i a l i m a g e w i t h t h i s N A , t h e a b o v e v a l u e s o f
c o h e r e n c e , d e f o c u s , a n d f l a r e w e r e n e e d e d a n d t h e r e s i s t i s o n e
o f t h e n e w r e s i s t s a t R I T . F o r t h e p r e - b a k e t e m p e r a t u r e , t h e
r a n g e u s e d i n t h e e x p e r i m e n t w a s f r o m 8 0 C t o 1 2 0 C . T h e
e x p o s u r e e n e r g y w a s f r o m l 7 O m i / c m * * 2 t o 2 0 0 m i / c m * * 2 , t h e p o s t
e x p o s u r e b a k e w a s f r o m 8 0 C t o 1 1 0 C , a n d d e v e l o p m e n t t i m e w a s
f r o m 8 0 s e c t o 1 0 0 s e c .
E F F E C T S O N T H E F O R M A T I O N O F A E R I A L I M A G E
T h r o u g h t h e s i m u l a t i o n s , i t w a s f o u n d t h a t l a r g e r N A ,
s m a l l e r c o h e r e n c e , l e s s d e f o c u s , a n d l i t t l e f l a r e c o u l d i m p r o v e
t h e q u a l i t y o f a n a e r i a l i m a g e . F o r a u s e f u l i m a g e , t h e i m a g e
l o g s l o p e s h o u l d a t l e a s t e q u a l t o 4 . A m o d e l w i t h t w e n t y o n e
t e r m s w e r e g e n e r a t e d . H o w e v e r , n o t a l l o f t h e s e t w e n t y o n e t e r m s
o f t h e m o d e l w e r e s i g n i g i c a n t . F o r t h e f i v e p r o c e s s v a r i a b l e s ,
N A , c o h e r e n c e , n o m i n a l l i n e w i d t h , d e f o c u s , a n d b a c k g r o u n d
i n t e n s i t y , u s e d , a l l f i v e o f t h e m h a d s i g n i f i c a n t l i n e a r e f f e c t s
o n t h e p r o c e s s . F i g u r e 4 s h o w h o w e a c h p a r a m e t e r a f f e c t s t h e
i m a g e l o g s l o p e . T h e s m a l l b o x e s s h o w t h e s i m u l a t i o n r e s u l t s a n d
t h e l i n e s a r e t h e a d j u s t e d a e r i a l i m a g e l o g s l o p e . F o r
c o h e r e n c e , d e f o c u s , a n d f l a r e , t h e e f f e c t s o n t h e a e r i a l i m a g e
l o g s l o p e w e r e l i n e a r . F o r N A a n d n o m i n a l l i n e w i d t h , t h e
e f f e c t s , h o w e v e r , w e r e a l s o q u a d r a t i c .
T h e r e l a t i o n s b e t w e e n a n y t w o c o m b i n a t i o n s o f p a r a m e t e r s
w e r e a l s o s t u d i e d w i t h R S f D i s c o v e r . W h e n N A w a s s m a l l , i t w a s
d i r e c t l y r e l a t e d t o c o h e r e n c e , d e f o c u s , a n d f l a r e . H o w e v e r , t h e y
b e c a m e i n v e r s e l y r e l a t e d a s N A i n c r e a s e d . L i n e w i d t h , a c c o r d i n g
t o e q u a t i o n 1 , s h o u l d h a v e a l i n e a r i n v e r s e r e l a t i o n w i t h N A .
H o w e v e r , i t w a s f o u n d t h a t a s l i n e w i d t h g o t w i d e r , t h e r e l a t i o n
b e c a m e m o r e q u a d r a t i c . T h i s w a s b e c a u s e a s l i n e w i d t h i n c r e a s e d ,
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h a v e l e s s e f f e c t o n t h e m i n i m u m l i n e w i d t h r e s o l u t i o n . T h e
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A g a i n , w h e n N A i n c r e a s e d , i t b e g a n t o l o s s i t s e f f e c t s , a n d t h e
r e l a t i o n b e c a m e m o r e l i n e a r .
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S i m u l a t i o n r e s u l t s s h o w t h a t w i t h a n a e r i a l i m a g e l o g s l o p e
o f 4 o r a b o v e , a s c o h e r e n c e i n c r e a s e d , t h e n o m i n a l l i n e w i d t h t h a t
c o u l d b e r e s o l v e d a l s o g o t w i d e r . D e f o c u s , h o w e v e r , d e c r e a s e d
w h e n c o h e r e n c e i n c r e a s e d . A s s t a t e d e a r l i e r , w h e n a n
i l l u m i n a t i o n s o u r c e c h a n g e d f r o m c o h e r e n t t o i n c o h e r e n t , t h e
c o n t r a s t o f t h e s y s t e m , t h e e f f e c t i v e r e s o l u t i o n , a n d t h e d e p t h
o f f o c u s o f a p r o j e c t e d i m a g e w o u l d b e l o w e r e d [ 2 ] . C o h e r e n c e
a n d f l a r e w e r e i n d i r e c t l y p r o p o r t i o n e d t o e a c h o t h e r . T o g e t a
g o o d a e r i a l i m a g e , s m a l l c o h e r e n c e f a c t o r a n d l i t t l e f l a r e a r e
d e s i r e d . L i n e w i d t h a n d d e f o c u s w e r e d i r e c t l y r e l a t e d t o e a c h
o t h e r , a n d i t c o u l d b e s h o w n b y c o m b i n i n g E q u a t i o n 2 a n d 3
t o g e t h e r . F o r d e f o c u s a n d f l a r e , t h e y b o t h s t a r t e d o u t w i t h a
l i n e a r r e l a t i o n w i t h l i n e w i d t h , b u t g o t m o r e q u a d r a t i c a s
l i n e w i d t h c o n t i n u e d t o i n c r e a s e d . T h e w a y t h a t d e f o c u s a n d f l a r e
a r e r e l a t e d w a s i n v e r s e b u t l i n e a r . A s d e f o c u s i n c r e a s e d , f l a r e
h a s l e s s e f f e c t s o n a e r i a l i m a g e t h a n w h e n d e f o c u s w a s s m a l l .
B e s i d e s l i n e a r a n d q u a d r a t i c e f f e c t s , t h e r e w e r e a l s o s o m e
i n t e r a c t i o n e f f e c t s b e t w e e n p a r a m e t e r s . H o w e v e r , o n l y t h e
i n t e r a c t i o n e f f e c t s o f N A a n d d e f o c u s , c o h e r e n c e a n d l i n e w i c i t h ,
a n d c o h e r e n c e a n d d e f o c u s w e r e s i g n i f i c a n t .
E F F E C T S O N T H E D E V E L O P M E N T P R O C E S S
T h e s i m u l a t i o n r e s u l t s o f c r i t i c a l d i m e n s i o n a n d s i d e w a l l
a n g l e w e r e i n p u t i n t o t h e c o m p u t e r d e s i g n e d e x p e r i m e n t i n
R S / D i s c o v e r . F i g u r e 5 s h o w h o w e a c h p a r a m e t e r a f f e c t s t h e
c r i t i c a l d i m e n s i o n , a n d F i g u r e 6 s h o w t h e i r e f f e c t s o n s i d e w a l l
a n g l e . I n c r e a s e s i n e x p o s u r e e n e r g y , p r e b a k e t e m p e r a t u r e , a n d
d e v e l o p m e n t t i m e c o u l d r e d u c e t h e c r i t i c a l d i m e n s i o n o f t h e
r e s i s t . P o s t e x p o s u r e b a k e , h o w e v e r , w o u l d i n c r e a s e t h e
l i n e w i d t h w h e n a h i g h e r t e m p e r a t u r e w a s u s e d . E x p o s u r e e n e r g y
a n d d e v e l o p m e n t t i m e a f f e c t t h e r e s i s t l i n e w i d t h l i n e a r l y , w h i l e
p r e b a k e t e m p e r a t u r e a n d p o s t e x p o s u r e b a k e t e m p e r a t u r e ’ s e f f e c t s
w e r e q u a d r a t i c . F o r s i d e w a l l a n g l e , t h e e f f e c t s o f e a c h
p a r a m e t e r w e r e a l m o s t j u s t t h e o p p o s i t e o f t h e i r e f f e c t s o n
c r i t i c a l d i m e n s i o n . E x p o s u r e e n e r g y a n d d e v e l o p m e n t t i m e s t i l l
h a v e l i n e a r e f f e c t s , a n d p r e b a k e a n d p o s t e x p o s u r e b a k e
t e m p e r a t u r e h a v e a q u a d r a t i c e f f e c t s . H o w e v e r , i n c r e a s e s i n
e x p o s u r e e n e r g y , p r e b a k e t e m p e r a t u r e , a n d d e v e l o p m e n t t i m e n o w
i n c r e a s e d t h e s i d e w a l l a n g l e , w h i l e p o s t e x p o s u r e b a k e
t e m p e r a t u r e w o u l d d e c r e a s e i t .
T h e r e l a t i o n b e t w e e n a n y t w o c o m b i n a t i o n s o f t h e p a r a m e t e r s
w e r e s t u d i e d . E x p o s u r e e n e r g y a n d d e v e l o p m e n t t i m e , a s s h o w n
e a r l i e r , h a v e t h e s a m e e f f e c t s o n c r i t i c a l d i m e n s i o n a n d s i d e w a l l
a n g l e . T h e i r r e l a t i o n w i t h p r e b a k e t e m p e r a t u r e w e r e a l s o v e r y
s i m i l a r . W i t h i n t h e o p e r a t i o n r a n g e , a q u a d r a t i c r e l a t i o n w a s
s e e n b e t w e e n p r e b a k e t e m p e r a t u r e a n d e x p o s u r e e n e r g y , p o s t
e x p o s u r e b a k e t e m p e r a t u r e , a n d d e v e l o p m e n t t i m e , w h e n t h e
t e m p e r a t u r e w a s l o w ; w h i l e t h e y b e c a m e m o r e l i n e a r w h e n
t e m p e r a t u r e i n c r e a s e d . I n o r d e r t o d u p l i c a t e t h e s a m e i m a g e , a
l o w e r e x p o s u r e e n e r g y o r s h o r t e r d e v e l o p m e n t t i m e c o u l d
c o m p e n s a t e f o r a h i g h e r p r e b a k e t e m p e r a t u r e .
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L i n e a r r e l a t i o n s h i p s w e r e s e e n b e t w e e n e x p o s u r e e n e r g y a n d
p o s t e x p o s u r e b a k e t e m p e r a t u r e a n d d e v e l o p m e n t t i m e w i t h t h e
r e s p o n s e o f c r i t i c a l d i m e n s i o n . F o r t h e e x p o s u r e e n e r g y a n d p o s t
e x p o s u r e b a k e t e m p e r a t u r e , t h e y a r e d i r e c t r e l a t e d t o e a c h o t h e r ,
w h i l e t h e e x p o s u r e e n e r g y a n d d e v e l o p m e n t t i m e h a v e a n i n d i r e c t
r e l a t i o n s h i p . T h e r e f o r e , i f t h e e x p o s u r e e n e r g y u s e d w a s t o o
h i g h , b e s i d e s h o r t e r d e v e l o p m e n t t i m e , h i g h e r p o s t e x p o s u r e b a k e
t e m p e r a t u r e c o u l d a l s o h e l p s o l v e d t h e o v e r e x p o s u r e p r o b l e m .
F r o m t h i s , i t c o u l d b e d r a w n t h a t t h e r e l a t i o n b e t w e e n p o s t
e x p o s u r e b a k e t e m p e r a t u r e a n d d e v e l o p m e n t t i m e w e r e i n d i r e c t t o
e a c h o t h e r . F r o m t h e R S / D i s c o v e r a n a l y s i s , i t w a s a l s o f o u n d
t h a t t h e i r r e l a t i o n w a s l i n e a r .
W E A K N E S S E S / B U G S I N P R O L I T H / 2
D u r i n g t h e u s a g e o f t h i s s o f t w a r e , s e v e r a l “ b u g s ” w e r e
f o u n d . O n e o c c u r r e d u s i n g a m a s k p a t t e r n o f a s p a c e . A f t e r
e x p o s u r e , t h e r e s i s t w o u l d n e v e r c l e a r n o m a t t e r h o w l o n g t h e
d e v e l o p m e n t t i m e w a s . T h e r e a p p e a r t o b e s o m e e r r o r i n t h e
g r a p h i c s p r o g r a m . T h e s e c o n d e r r o r f o u n d w a s i n t h e m u l t i p l e r u n
m o d e w h e n d e v e l o p m e n t t i m e w a s u s e d a s a n i n p u t v a r i a b l e a n d
r e s i s t l i n e w i d t h w a s t h e o u t p u t . D i f f e r e n t l i n e w i d t h s w e r e
r e s u l t e d e a c h t i m e t h e s i m u l a t i o n w a s r u n , e v e n f o r i d e n t i c a l
i n p u t s .
C O N C L U S I O N
P R O L I T H / 2 i s a n e w s o f t w a r e w h i c h c a n s i m u l a t e s t a n d a r d
m i c r o l i t h o g r a p h i c p r o c e s s e s . F o r t h e a e r i a l i m a g e f o r m a t i o n , t h e
e f f e c t s o f e x p o s u r e t o o l s p r o p e r i t e s w e r e s t u d i e d o n t h e a e r i a l
i m a g e l o g s l o p e . I t w a s f o u n d t h a t l a r g e r N A , s m a l l e r c o h e r e n c e ,
l e s s d e f o c u s , a n d l i t t l e f l a r e c o u l d i m p r o v e t h e q u a l i t y o f t h e
i m a g e . F o r c o h e r e n c e , d e f o c u s , a n d f l a r e , t h e e f f e c t s o n t h e
i m a g e l o g s l o p e w e r e l i n e a r . F o r N A a n d n o m i n a l l i n e w i d t h , t h e
e f f e c t s w e r e a l s o q u a d r a t i c . F o r t h e r e s i s t c h a r a c t e r i z a t i o n ,
t h e e f f e c t s o f p r o c e s s v a r i a t i o n s w e r e s t u d i e d o n t h e C D a n d
s i d e w a l l a n g l e o f t h e r e s i s t p r o f i l e . I n c r e a s e s i n e x p o s u r e
e n e r g y , p r e b a k e t e m p e r a t u r e , d e v e l o p m e n t t i m e b u t d e c r e a s e i n P E B
c o u l d r e d u c e t h e c r i t i c a l d i m e n s i o n o f t h e r e s i s t . E x p o s u r e
e n e r g y a n d d e v e l o p m e n t t i m e a f f e c t C D l i n e a r l y , w h i l e p r e b a k e
t e m p e r a t u r e a n d P E B t e m p e r a t u r e ’ s e f f e c t s w e r e q u a d r a t i c .
A C K N O W L E D G M E N T S
T h a n k s M r . C h r i s A . M a c k f o r d o n a t i n g t h e s o f t w a r e
P R O L I T H / 2 t o u s a n d a l s o h e l p a n s w e r i n g a n y q u e s t i o n s c o n c e r n i n g
t h e u s a g e o f t h e s o f t w a r e . A l s o t h a n k s M r . B r u c e S m i t h a n d M r .
M i k e J a c k s o n f o r t h e h e l p a n d g u i d i a n c e t h r o u g h t h e p r o j e c t .
R E F E R E N C E S
[ 1 ] F I N L E T e c h n o l o g i e s , P R O L I T H / 2 U s e r ’ s M a n u a l , J u n e 1 9 9 0 .
[ 2 ) W . M . M o r e a u , S e m i c o n d u c t o r L i t h o g r a p h y ; P r i n c i p l e s ,
P r a c t i c e s a n d M a t e r i a l s , ( P l e n u m P r e s s , N e w Y o r k , 1 9 8 8 ) .
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P O L Y S I L I C O N E M I T T E R B I P O L A R T R A N S I S T O R S
T o d d C . S i e g e r
S e n i o r M i c r o e l e c t r o n i c E n g i n e e r i n g S t u d e n t
R o c h e s t e r I n s t i t u t e o f T e c h n o l o g y
A B S T R A C T
P o l y s i l i c o n e m i t t e r v e r t i c a l N P N t r a n s i s t o r s
w e r e f a b r i c a t e d i n a n a t t e m p t t o c r e a t e
d e v i c e s w i t h v e r y h i g h c u r r e n t g a i n s a n d h i g h
f o r w a r d E a r l y v o l t a g e s . T M A S U P R E M - 3
s i m u l a t i o n s w e r e u s e d t o o p t i m i E e t h e p r o c e s s
t o o b t a i n e m i t t e r j u n c t i o n d e p t h s o f 0 . 0 5 a n d
O . O 8 u m . F i n a l e m i t t e r j u n c t i o n d e p t h s o f
O . l u m , o r l e s s , w e r e m e a s u r e d . H i g h c u r r e n t
g a i n s w e r e n o t a c h i e v e d , d u e t o h i g h b a s e
d o p i n g .
I N T R O D U C T I O N
C u r r e n t g a i n s o f c o n v e n t i o n a l e m i t t e r b i p o l a r t r a n s i s t o r s
a r e l i m i t e d d u e t o t h e e f f e c t s o f h i g h e m i t t e r d o p i n g . I n
t h e o r y , h i g h e r g a i n s m a y b e o b t a i n e d f o r c o n v e n t i o n a l e m i t t e r
t r a n s i s t o r s b y u s i n g v e r y s m a l l b a s e w i d t h s a n d h i g h e m i t t e r
d o p i n g d e n s i t i e s . H o w e v e r , i n c r e a s e d e m i t t e r d o p i n g r e d u c e s t h e
b a n d g a p a n d i n c r e a s e s t h e m i n o r i t y c a r r i e r r e c o m b i n a t i o n [ 1 ] .
T h e r e s u l t i s r e d u c e d e m i t t e r i n j e c t i o n e f f i c i e n c y a n d n o r e a l
i m p r o v e m e n t i n c u r r e n t g a i n [ 2 ] . I n c r e a s i n g e m i t t e r d o p i n g w o u l d
a l s o h a v e t h e d e t r i m e n t a l e f f e c t s o f r e d u c i n g t h e e m i t t e r - b a s e
b r e a k d o w n v o l t a g e ( B V e b o ) a n d i n c r e a s i n g t h e e m i t t e r - b a s e
j u n c t i o n c a p a c i t a n c e [ 3 ] . A n o t h e r p r o b l e m a s s o c i a t e d w i t h
c o n v e n t i o n a l e m i t t e r s i s w i t h s c a l i n g . T h e m i n o r i t y - c a r r i e r
d i f f u s i o n l e n g t h b e c o m e s l a r g e r t h a n t h e e m i t t e r f o r e m i t t e r
j u n c t i o n d e p t h s b e l o w 0 . 2 u m , w h i c h , f u r t h e r r e d u c e s c u r r e n t g a i n
[ 4 ] . T h e u s e o f p o l y s i l i c o n a s t h e e m i t t e r i s o n e m e t h o d f o r
a v o i d i n g t h e s e p r o b l e m s .
P o l y s i l i c o n e m i t t e r s a r e f o r m e d b y o u t d i f f u s i o n o f d o p a n t
f r o m p o l y s i l i c o n i n t o t h e m o n o c r y s t a l l i n e s i l i c o n b a s e r e g i o n .
T h e p o l y s i l i c o n i s e i t h e r i n d i r e c t c o n t a c t w i t h t h e
m o n o c r y s t a l l i n e s u b s t r a t e o r s e p a r a t e d f r o m i t b y a n i n t e r f a c i a l
o x i d e t h a t i s e i g h t t o f o u r t e e n A n g s t r o m s t h i c k [ 5 ) . C u r r e n t
g a i n s t h r e e t o s e v e n t i m e s h i g h e r t h a n f o r c o n v e n t i o n a l - e m i t t e r
t r a n s i s t o r s h a v e b e e n r e p o r t e d [ 6 ] . H i g h c u r r e n t g a i n m a y b e
t r a d e d f o r a l o w e r g a i n a n d i n c r e a s e d b a s e d o p i n g w i t h o u t
p r e m a t u r e b r e a k d o w n . T h i s i s p a r t i c u l a r l y u s e f u l f o r d i g i t a l
c i r c u i t s , b e c a u s e t h e n a r r o w e r b a s e w i d t h s w h i c h a r e o b t a i n e d
r e s u l t i n h i g h e r s w i t c h i n g s p e e d s [ 7 ) .
1 3 1
S e v e r a l m o d e l s h a v e b e e n r e p o r t e d , t h a t a t t e m p t t o e x p l a i n
t h e i n c r e a s e i n c u r r e n t g a i n o v e r c o n v e n t i o n a l - e m i t t e r
t r a n s i s t o r s . O r i g i n a l l y , i t w a s b e l i e v e d t h a t r e d u c e d b a n d g a p
n a r r o w i n g d u e t o l o w e r e m i t t e r d o p i n g w a s t h e c a u s e . T h i s m o d e l
f a i l e d t o q u a n t i t a t i v e l y a c c o u n t f o r t h e e n h a n c e d e m i t t e r
i n j e c t i o n e f f i c i e n c y [ 8 ) . A n o t h e r e a r l y m o d e l w a s t h e r e d u c e d
m o b i l i t y , o r t w o - l a y e r , m o d e l [ 9 ] . T h i s m o d e l a t t r i b u t e s
i n c r e a s e d c u r r e n t g a i n t o t h e i n c r e a s e d e m i t t e r l e n g t h d u e t o t h e
p o l y s i l i c o n f i l m a n d a r e d u c e d m i n o r i t y - c a r r i e r m o b i l i t y i n t h e
p o l y s i l i c o n , w h i c h , p r e d i c t s a d e p e n d e n c e o f b a s e s a t u r a t i o n
c u r r e n t o n p o l y s i l i c o n f i l m t h i c k n e s s . H o w e v e r , e x p e r i m e n t a l
r e s u l t s s h o w t h a t f o r p o l y s i l i c o n f i l m s l e s s t h a n o r e q u a l t o 5 0 0
A n g s t r o m s t h e f i l m t h i c k n e s s d o e s n o t i n f l u e n c e b a s e s a t u r a t i o n
c u r r e n t [ 1 0 ) . A n o t h e r r e l a t e d m o d e l i s t h a t o f r e d u c e d c a r r i e r
l i f e t i m e d u e t o t h e l a r g e n u m b e r o f d a n g l i n g b o n d s a n d
r e c o m b i n a t i o n c e n t e r s a t t h e p o l y s i l i c o n g r a i n b o u n d a r i e s [ 1 1 ] .
T h e t u n n e l i n g m o d e l [ 1 2 ) r e c o g n i z e d t h e p r e s e n c e o f a n
i n t e r f a c i a l o x i d e b e t w e e n t h e p o l y s i l i c o n a n d m o n o c r y s t a l l i n e
s i l i c o n a s a b a r r i e r t o m i n o r i t y - c a r r i e r i n j e c t i o n i n t o t h e
e m i t t e r . T h i s m o d e l i s c o n s i s t e n t w i t h t h e i n c r e a s e d e m i t t e r
r e s i s t a n c e d u e t o t r a n s p o r t o f m a j o r i t y c a r r i e r s t h r o u g h t h e
o x i d e b a r r i e r . T u n n e l i n g i s b e l i e v e d t o p l a y a m a j o r r o l e f o r
o x i d e b a r r i e r s g r e a t e r t h a n t e n a n g s t r o m s t h i c k [ 1 3 ] . T o e x p l a i n
t h e i n c r e a s e d c u r r e n t g a i n s o f d e v i c e s w i t h o x i d e f r e e ( i . e .
l e s s t h a n t e n a n g s t r o m s ) i n t e r f a c e s , t h e i n t e r f a c e
d o p a n t - s e g r e g a t i o n m o d e l w a s p r o p o s e d [ 1 4 ] . T h i s m o d e l t r e a t s
t h e i n t e r f a c e b e t w e e n t h e p o l y s i l i c o n a n d m o n o c r y s t a l l i n e s i l i c o n
a s e s s e n t i a l l y a l a r g e g r a i n b o u n d a r y a t w h i c h d o p a n t a t o m s f r o m
t h e p o l y s i l i c o n s e g r e g a t e . T h e h i g h d o p a n t c o n c e n t r a t i o n a t t h e
i n t e r f a c e i s a p o t e n t i a l e n e r g y b a r r i e r f o r h o l e s w h e n t h e
e m i t t e r - b a s e j u n c t i o n i s f o r w a r d b i a s e d .
T h e p r e c i s e c o n t r o l o f s h a l l o w e m i t t e r j u n c t i o n d e p t h t h a t
i s p o s s i b l e w i t h p o l y s i l i c o n e m i t t e r s , a l l o w s t h e t r a n s i s t o r s t o
b e s c a l e d v e r t i c a l l y a n d l a t e r a l l y , w h i l e k e e p i n g t h e p e r i p h e r a l
e m i t t e r - b a s e j u n c t i o n c a p a c i t a n c e a t a r e a s o n a b l e v a l u e [ 1 5 ] .
S c a l i n g i s a l s o i m p r o v e d b e c a u s e o f t h e p o s s i b i l i t y f o r
s e l f - a l i g n m e n t w i t h p o l y s i l i c o n e m i t t e r t r a n s i s t o r s [ 1 6 ] . S i n g l e
a n d d o u b l e - p o l y s i l i c o n s e l f - a l i g n e d t r a n s i s t o r s h a v e b e e n
r e p o r t e d . W i t h t h e s i n g l e - p o l y s i l i c o n s e l f - a l i g n m e n t a p p r o a c h ,
p o l y s i l i c o n i s d e p o s i t e d o v e r a l i g h t l y p - d o p e d r e g i o n a n d i s t h e
i m p l a n t e d w i t h a r s e n i c . T h e p o l y s i l i c o n i s t h e n p a t t e r n e d a n d
o x i d i z e d . T h e o x i d a t i o n f o r m s a s i d e w a l l s p a c e r . B o r o n i s
i m p l a n t e d e v e r y w h e r e , f o r m i n g a n e x t r i n s i c b a s e w h e r e t h e e m i t t e r
r e g i o n s w e r e n o t m a s k i n g t h e i m p l a n t . T h i s t y p e o f p r o c e s s i s
s u i t a b l e f o r i n t e g r a t i o n i n t o a B i C M O S p r o c e s s b e c a u s e o f i t s
s i m i l a r i t y t o L D D - C M O S p r o c e s s e s [ 1 7 ] . B o t h v e r t i c a l s c a l i n g a n d
s e l f - a l i g n m e n t r e s u l t i n i n c r e a s e d p a c k i n g d e n s i t y m a k i n g
p o l y s i l i c o n e m i t t e r d e v i c e s p r a c t i c a l f o r V L S I i n t e g r a t e d
c i r c u i t s .
T w o o t h e r a d v a n t a g e s o f p o l y s i l i c o n e m i t t e r s o w e t o t h e f a c t
t h a t t h e p o l y s i l i c o n f i l m p r o t e c t s t h e i n o n o c r y s t a l l i n e p a r t o f
t h e e m i t t e r . T h e p o l y s i l i c o n i s i m p l a n t e d , a n d t h e e m i t t e r i s
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f o r m e d b y o u t d i f f u s i o n , w h i c h , r e s u l t s i n t h e f o r m a t i o n o f t h e
e m i t t e r - b a s e j u n c t i o n i n u n d a m a g e d m o n o c r y s t a l l i n e s i l i c o n [ 1 8 ] .
A l s o , t h e p o l y s i l i c o n f i l m r e d u c e s t h e i n c i d e n c e o f a l u m i n u m
s p i k i n g o f t h e e m i t t e r - b a s e j u n c t i o n b e c a u s e t h e e m i t t e r c o n t a c t
i s t o t h e p o l y s i l i c o n .
P o l y s i l i c o n e m i t t e r t r a n s i s t o r s h a v e p r e v i o u s l y b e e n
f a b r i c a t e d a t R I T [ 1 9 ] . T h e p r o c e s s w a s d e f i n e d w i t h t h e a i d o f
S U P R E M - 3 . I n t h e s i m u l a t i o n s , b a s e a n d e m i t t e r i m p l a n t a n d
d r i v e - i n p a r a m e t e r s w e r e v a r i e d i n a n a t t e m p t t o o b t a i n a n
e m i t t e r j u n c t i o n d e p t h o f 0 . 0 9 4 0 u r n , b a s e j u n c t i o n d e p t h o f
0 . 4 7 4 4 u r n , i n t e g r a t e d e m i t t e r d o p i n g o f 3 . 3 E l 4 c r n - 2 , a n d
i n t e g r a t e d b a s e d o p i n g o f 7 . 5 E 1 3 c m - 2 [ 2 0 ] . T h e o r i g i n o f t h e s e
p a r a m e t e r s i s a n e x a m p l e o f a p o l y s i l i c o n e m i t t e r p r o c e s s f r o m
t h e b a c k o f t h e S U P R E M - 3 u s e r s m a n u a l . P r o c e s s i n g w a s p e r f o r m e d
u s i n g t h e s i m u l a t e d i m p l a n t a n d h o t - p r o c e s s i n g p a r a m e t e r s o n
w a f e r s o f l o w e r s u b s t r a t e d o p i n g t h a n t h a t u s e d f o r t h e
s i m u l a t i o n s . I n a d d i t i o n , t h e b a s e i m p l a n t d o s e w a s v a r i e d f r o m
t h e s i m u l a t e d v a l u e f o r s e v e r a l w a f e r s . O n e o f t h e w a f e r s t h a t
w a s o f l o w e r d o p i n g a n d r e c e i v e d a l o w e r b a s e i m p l a n t d o s e ,
e x h i b i t e d t h e h i g h e s t g a i n o f 3 5 9 .
T h i s p r o j e c t i n v e s t i g a t e s t h e h y p o t h e s i s t h a t , b y r e d u c i n g
t h e e m i t t e r d r i v e - i n t i m e a n d / o r t e m p e r a t u r e , h i g h e r g a i n s s h o u l d
b e a c h i e v a b l e [ 2 1 ] . E m i t t e r d r i v e - i n c y c l e s w e r e v a r i e d t o
a c h i e v e f i n a l e m i t t e r j u n c t i o n d e p t h s o f 0 . 0 8 u r n a n d 0 . 0 5 u r n ,
r e s p e c t i v e l y . T h e r e m a i n d e r o f t h e p r o c e s s f o l l o w s t h e p r e v i o u s
s c h e d u l e [ 1 9 ] . A c r o s s - s e c t i o n o f t h e d e v i c e r e s u l t i n g f r o m t h i s
p r o c e s s i s r e p r e s e n t e d i n F i g u r e 1 .
A l u m i n u m
P o l y - S i
F i g u r e 1 : P o l y s i l i c o n e m i t t e r t r a n s i s t o r c r o s s s e c t i o n .
C
1 3 3
E X P E R I M E N T
S i m u l a t i o n s u s i n g T M A S U P R E M - 3 e m p l o y e d a n o p t i m i z a t i o n l o o p
f o r t h e e m i t t e r d r i v e - i n t i m e a n d t e m p e r a t u r e . T a r g e t s w e r e
d e f i n e d a s a n o x i d e t h i c k n e s s o f 2 0 0 0 A o v e r p o l y - s i , a n d e m i t t e r
j u n c t i o n d e p t h s o f 0 . 0 5 u m a n d 0 . 0 8 u r n . T h e s i m u l a t i o n s r e s u l t e d
i n e m i t t e r d r i v e - i n c y c l e s o f 8 7 5 C f o r a t o t a l o f 1 2 0 m i n u t e s ,
a n d 9 0 0 C f o r a t o t a l o f 9 5 m i n u t e s . T h e e m i t t e r d r i v e - i n o f t h e
e x i s t i n g p r o c e s s w a s 1 2 0 m i n u t e s a t 9 0 0 C .
T w e l v e n - t y p e , < 1 0 0 > , p h o s p h o r o u s - d o p e d , 5 - 1 5 o h m c m , w a f e r s
w e r e f o u r - p o i n t p r o b e d a n d t h e n d i v i d e d i n t o t w o g r o u p s o f s i x ;
o n e f o r d e v i c e s a n d o n e f o r c o n t r o l s . T h e w a f e r s w e r e g i v e n a
1 0 : 1 H F d i p , r i n s e d , a n d a f i e l d o x i d e o f a p p r o x i m a t e l y 6 0 0 0 A w a s
g r o w n a t 1 1 0 0 C u s i n g d r y o x y g e n f o r t e n m i n u t e s , w e t o x y g e n f o r
s e v e n t y - f i v e m i n u t e s , a n d d r y o x y g e n f o r t e n m i n u t e s . B a s e
p a t t e r n i n g w a s p e r f o r m e d u s i n g a G C A W a f e r t r a c f o r c o a t i n g ,
p r e - b a k e , d e v e l o p m e n t , a n d p o s t - b a k e . A K a s p e r m a s k a l i g n e r w a s
u s e d f o r e x p o s u r e . A f t e r w e t e t c h i n g t h e o x i d e , a l l d e v i c e
w a f e r s a n d s e v e r a l c o n t r o l w a f e r s w e r e i m p l a n t e d u s i n g a V a r i a n
m o d e l i o n i m p l a n t e r . A d o s e o f l E l 4 i o n s / c m 2 B F 2 w a s i m p l a n t e d
i n e a c h w a f e r a t a n e n e r g y o f 3 5 K e V . T h e r e s i s t u s e d f o r m a s k i n g
t h e i m p l a n t w a s t h e n s t r i p p e d w i t h a n o x y g e n p l a s m a . A l l w a f e r s
w e r e R C A c l e a n e d . A n 8 5 0 C , f o r t y m i n u t e l o n g o x i d a t i o n w a s
p e r f o r m e d t o a n n e a l a n d d r i v e i n t h e b a s e i m p l a n t .
E m i t t e r r e g i o n s w e r e p a t t e r n e d , a n d t h e w a f e r s r e c e i v e d a
f u l l R C A c l e a n . P o l y s i l i c o n ( 0 . 4 u r n ) w a s L P C V D d e p o s i t e d a t
• 6 l O C . A l l d e v i c e w a f e r s w e r e t h e n i m p l a n t e d w i t h a p h o s p h o r o u s
d o s e o f 4 E l 5 i o n s / c m 2 a t 5 O K e V . T h e p o l y s i l i c o n w a s p a t t e r n e d
u s i n g a S F 6 : 0 2 p l a s m a i n a T e g a l 7 0 0 e t c h e r . T h e r e s i s t w a s
s t r i p p e d w i t h a n o x y g e n p l a s m a a n d t h e w a f e r s w e r e R C A c l e a n e d .
T h e w a f e r s w e r e s p l i t i n t o t w o g r o u p s o f t h r e e d e v i c e w a f e r s a n d
o n e h a l f o f e a c h c o n t r o l w a f e r . E a c h g r o u p w a s s u b j e c t e d t o o n e
o f t h e t w o d i f f e r e n t e m i t t e r a n n e a l / d r i v e - i n c y c l e s d e s c r i b e d
a b o v e . D u r i n g t h e s e c y c l e s , t h e p o l y s i l i c o n w a s p a r t i a l l y
o x i d i z e d . P r o c e s s i n g o n t h e w a f e r s w a s c o m p l e t e d b y p a t t e r n i n g
c o n t a c t c u t s , R C A c l e a n i n g t h e w a f e r s , d e p o s i t i n g a n d p a t t e r n i n g
a l u m i n u m , a n d s i n t e r i n g t h e w a f e r s i n f o r m i n g g a s .
W o r k i n g c o p i e s o f t h e m a s k s w e r e m a d e f r o m r e t i c l e s c r e a t e d
f o r t h e p r e v i o u s a t t e m p t t o f a b r i c a t e p o l y s i l i c o n e m i t t e r
t r a n s i s t o r s . T h e d e s i g n e d d e v i c e s i n c l u d e : V a n d e r P a u w
s t r u c t u r e s a n d r e s i s t o r s f o r b a s e , b a s e p i n c h , c o l l e c t o r ,
e m i t t e r , p o l y s i l i c o n , a n d m e t a l l a y e r s ; m e t a l - t o - b a s e ,
m e t a l - t o - c o l l e c t o r , a n d m e t a l - t o - p o l y K e l v i n s t r u c t u r e s ; a n d
l a t e r a l P N P a n d v e r t i c a l N P N t r a n s i s t o r s o f v a r i o u s d i m e n s i o n s .
L a y o u t s a r e s h o w n i n t h e A p p e n d i x . T h e t e s t s t r u c t u r e s a n d t h e
c o n t r o l w a f e r s w e r e u s e d t o d e t e r m i n e f i n a l j u n c t i o n d e p t h s ,
s h e e t r e s i s t a n c e s , a n d c o n t a c t r e s i s t a n c e s f o r e a c h o f t h e t w o
e m i t t e r d r i v e - i n c y c l e s . C u r r e n t g a i n s w e r e m e a s u r e d a n d G u m m e l
p l o t s w e r e m a d e o n f i n i s h e d N P N d e v i c e s . T h e s e p l o t s o f t h e l o g s
o f t h e b a s e a n d c o l l e c t o r c u r r e n t s v e r s u s e m i t t e r - b a s e j u n c t i o n
v o l t a g e a i d e d c h a r a c t e r i z a t i o n o f e m i t t e r a n d b a s e d o p i n g .
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RESULTS/DISCUSSION
Control wafer measurements of emitter and base junction
depths gave values of 0.1 urn, or less, for the emitter-base
junction and 0.53 and 0.61 urn for the base-collector junction.
The values for the base-collector junction compare very well to
the values of 0.4609 and 0.4729 urn, respectively, that were
obtained from SUPREM3. More precise values of emitter-base
junction depth could not be obtained due to accuracy limitations
of the travelling stage micrometer that was used for the
measurements.
Sheet resistances were obtained from four-point probe
measurements on control wafers and from diffused resistors and
Van der Pauw strutures on finished device wafers. These values
are given in the table below; all numbers are in ohms/square.
Layer Drive-In 4-Pt. Probe Diff. Resistor Van der Pauw
Base 875 1689 2051 2145
900 1622 2113 2278
Poly Emitter 875 282 260 260
900 201 183 204
Poly on oxide 875 295 302 301
900 209 201 223
SUPREM-3 predicted base sheet resistances of 1561.3 and 1539.5
ohms/square for the 875C and 900C emitter-drives, respectively.
Poly sheet resistances of 294.85 and 290.43 ohms/square were
predicted. These values are compared to measurements because
SUPREM-3 calculates separate sheet resistances for the emitter
and the poly, which, produces an artificially high value of
emitter sheet resistance. Measured values of emitter sheet
resistance are actually the poly resistance in parallel with the
emitter resistance. The result is that emitter sheet resistance
is slightly less than for the polysilicon alone. Full
comparisons of control wafer measurements to simulations are
given in Appendix A.
Results from testing of the transistors showed that when
aluminum was present directly over the active part of the
emitter, there was a resistor from emitter to base. Based on
control wafer data, it was obvious that the emitter-base junction
existed. Measurement of emitter-collector breakdown voltages of
70 to 90 volts for these devices confirmed that, indeed, there
was an emitter-base junction. Devices that did not have aluminum
directly over the active emitter produced device characteristics
as expected for an NPN transistor. It followed, that the
aluminum had spiked through the polysilicon. One advantage of
this, however, is that it supports the measurements of very
shallow emitter junction depths. This problem did not occur in
the processing previously performed at RIT, in which, the emitter
junction depth was about 0.2 urn.
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Current gains of the NPN transistors were measured to be
approximately 15 to 25, which, were far less than expected. From
the simulation results for integrated base doping, it can be seen
that the base doping was high, approximately 2E13 cm—2. The
integrated dopant results from the simulations also indicate that
the 900C emitter-drive should produce devices with higher gains
than those produced with the lower temperature drive-in. This
result was actually observed.
Measurements of emitter-base breakdown voltages in the -3
to -4 Volt range and base-collector breakdown voltages of -90
to -100 Volts support the hypothesis that the base doping is
high. This is also confirmed by the data obtained from Gummel
plots of the devices. Saturation currents were l.26E-l5 and
l.75E-l5 Amps for the two emitter—drives.
One other transistor parameter of importance is the forward
Early voltage. Fairly large values of -141 to -417 Volts were
obtained, with the larger (more negative) value being for the
lower temperature emitter drive-in. This indicates, as expected,
that the base width was wider for this drive-in. The highly
negative values for small base widths are one advantage of
polysilicon emitters.
CONCLUSION
Precise control over shallow junction depths by using
polysilicon as the emitter contact of a bipolar device was
accomplished. However, the primary advantage of polysilicon
emitters, the enhanced current gain, was not observed. It was
determined that a high base doping level caused a reduction in
gain. Future work with this process should involve a base
implant dose lower than the lEl4 ions/cm2 dose that was used.
Another change for future work would be to redesign the devices
in order to eliminate any metal directly over the active emitter
regions. Aluminum spiked through the polysilicon creating a
resistor from emitter to base in the devices that were
fabricated.
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ABSTRACT
An NPN bipolar transistor process was
designed and fabricated for incorporation
with RIT’s N well CMOS technology to develop
BiCMOS devices. The only additions to the
CMOS process were the base masking step, base
implant, and drive. Base dose was varied to
achieve current gains of 50, 100, and 200
using SUPREM-3. Unfortunately, do to an
incomplete etch of the collector region, a
rework had to be performed, whose added
temperature steps pushed the emitter through
the base.
INTRODUCTION
BiCMOS combines the qualities of CMOS and Bipolar circuits
on one chip. The CMOS device qualities are higher packing
densities, virtually infinite input resistance with leakage
currents in the picoamp range, precision capacitors, and near
ideal switches, ( i.e. either on or off and have virtually
instantaneous switching.) The Bipolar circuit qualities, on the
other hand, are their ability for higher frequency response,
higher intrinsic gain, higher drive capability, and larger output
swings. This combined technology will allow for design and
fabrication of analog and digital devices on the same chip. This
combined technology is used to achieve optimum performance that
should out perform circuits fabricated in one or the other
technology.
A BiCMOS technology requires a much more involved process to
fabricate than either of the other two processes alone. Other
potential drawbacks were a lower yield, arid the extra time
required for the additional step. Therefore in this project to
simplify it as much as possible, an existing CMOS process was
used as the baseline and the additional required steps needed for
the fabrication of the bipolar circuits were added. The existing
CMOS process is shown in Figure 1. One can see the N well used
in the PMOS device region and the N-f source and drain sections in
the NMOS devices. The two implants for these regions were used
in bipolar NPN vertical transistor for the collector and emitter
regions respectively as can be see in Figure 2.
The N-type well from the CMOS process was only five microns
deep and for this reason the base implant and drive were two very
critical steps. TMA SUPREM-3 was used to simulate every process
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step in order to achieve desired gains from the NPN bipolar
transistors. The predicted junction depths for the vertical NPN
transistor are shown in Figure 3. This plot was obtained from
TMA SUPREM-3 and shows the net active concentrations of dopant as
a function of depth into the wafer. These additional process
conditions simulated in SUPREM-3 for desired gains were used in
the processing of the device wafers. Appendix A has SUPREM-3
plots for the different current gains predicted, Appendix B has
the TMA SUPREM—3 input file used.
PMOS Nt1O5
Figure 1: CMOS cross section.
NPN BJT
~ N• EmitterL Base 0.55 urn)
N well/Collector
4,0 urn
P—substrate
Figure 2: NPN cross section for B1CUOS.
Emitter/base profile Ov bias
Figure 3: SUPREM-3 plot of net concentration vs. depth inwafer.
P—substrate
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EXPERIMENT
Three inch <100> P-type wafers with a resistivity of 5 ohms-
cm were used in the fabrication of bipolar devices. Four point
probe measurements were taken on the wafers and 3226A of oxide
grown on them for the first mask. The oxide was patterned for
the well was patterned and implanted with a phosphorous dose of
6E12 atoms/cm2 at an energy of l3Okev. A well drive was
performed at ll5OC for approximately 21 hours in nitrogen. The
oxide was then all stripped off and a field oxide was grown at
950C in wet 02 for approximately six hours. This was followed by
the base pattern, etch, and implant. To experiment with three
different base doses predicted by TMA SUPREM-3. The doses were
9.6El3, l.6E14 and 26E14 atoms/cm2 and the energy used was 4okev
followed by a driven in at 1000C in wet 02 for 60 minutes. The
emitter mask was used to etch through the oxide grown during the
drive and the emitter region was implanted with a dose of lEl5
atoms/cm2. The open emitter regions were covered with Allied
signal spin on glass and the cure of the spin on glass also
served as the emitter drive in, which was 30 minutes in wet 02 at
900C. The contact cuts, metal deposition, and etch were the
final steps in the process. Full details in processing can be
found in Appendix C.
The masks used in processing were emulsion masks and were
generated on a MANN photo repeater from a reticle that was
generated on a MANN 3000 pattern generator. The MANN file for
the pattern generator was generated from the CIF file created by
ICE. (ICE is an in house VAX based CAD tool which stands for
Integrated Circuit Editor.)
The devices that were designed were vertical NPN transistors
of different sizes, Vertical PNP transistors of different sizes,
lateral NPN and PNP transistors, Van der Pauw structures, Kelvin
contact resistance structures etc. Appendix D contains plots of
the designed cells.
All of the photolithography was performed using KTI 820
photo resists. It was patterned on Kasper Contact Aligners and
developed on a GCA wafer track using a 934 spuddle develop. After
exposure, the wafers were developed on a GCA wafer track using a
spray/puddle develop system. Both the coat and develop programs
were standard for KTI 820 positive photo resist.
RESULTS/DISCUSSION
Table 1 shows the final results of junction depth, sheet
resistance and oxide thicknesses of the actual measured results
and compares them to the results obtained by TMA SUPREM-3. As
one can see not any of the values from TMA were right on to the
actual measured values demonstrating that a lot of
characterization of SUPREM-3 is needed. The base junction depths
measured after drive in were really not that far off from
SUPREM’s value. The difference might only be due to the accuracy
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of the travelling stage, which was used to make my measurements.
The N well junction on the other hand was as much as 0.67 microns
less than TF4A~s value. This demonstrated the inability to
accurately produce some results with respect to RIT’s clean room
processes. The base sheet resistances were also not very
comparable, even though they did turn out to be rather high for a
P-type base region in an NPN vertical transistor. The base
implant dose should be varied using higher doses than were used
in future experiments in efforts to attempt to lower the sheet
resistance.
After the Spin on glass cure, which doubled as the emitter
drive in, a great number of changes from previous measured
results, as well as discrepancies to simulated results were
observed. One can see how the emitter junction depth was much
less as predicted, compared to the actual measured results. A
difference of 0.14 microns in the emitter junction brings about
the issue of the reliability of the process or the tool, the
traveling stage, used to measure the junction depth. The
traveling stage was not a very accurate tool and the measurement
was dependent on the individual using the tool and where they
assumed the edge of the grove to be. The measurements of the
base junction actually showed a decrease both in non emitter
implanted regions and in emitter implanted regions, where emitter
push drove the base deeper. Even after emitter push the junction
was still shallower than prior to emitter implant. The junction
could not have been consumed by the 15 minute, wet 02 growth at
900C prior to spin on glass coat. The only other possible
explanation was that the wet 02 that was used during the cure
could have penetrated through the spin on glass to grow more
oxide on the surface thus consuming more silicon. This can be
determined by performing an experiment with a nitrogen cure as
compared to a wet 02 cure.
SUPREI4-3 RESULTS
Base Drive sup
Xjb 1.18 urn
Xjw = 4.79 urn
RHOSB = 480 ohms/square
Ox = 3409 A
ACTUAL RESULTS
Base Drive
1.04 urn
4.12 urn
= 360 ohms/square
Emitter Drive sup
Xje = 0.3596 urn
Xjbpush = 1.245 urn
Xjb = 1.22 urn
Xjw = 4.75 urn
RHOSE = 95.8 ohms/square
RHOSB = 527 ohms/square
RHOSW = 1353 ohms/square
Ox/emit = 5192 A
Ox/field = 1.396 urn
Emitter Drive
Xje = 0.546 urn
Xjbpush = 0.883 urn
Xjb = 0,86 urn
Xjw = 4.07 urn
RHOSE = 126 ohms/square
RHOSB = 397 ohms/square
RHOSW = 1100 ohms/square
Ox/emit = 3988 A
Ox/field = 9500 A
Implant Dose = 2.6E14 atm/crn2
Xjb =
Xjw =
RHOSB
Ox = 1680 A
TABLE 1: SUPREM-3 vs. Actual measured results
The sheet resistance measured by four point probe from the
emitter region were fairly close to that calculated by TMA, but
the values for the base and N well regions were not as predicted.
The values measured were less than those calculated. Again this
has to be worked on to obtain predictable desired results. One
thing that was noticed between both the measured and calculated
before and after the emitter implant and drive, was that the
sheet resistance of the base region increased. The only
explanation that can be deduced at the time was that the
concentration must have been depleted possibly from the growth of
the oxide on the surface as was mentioned earlier. Appendix E
has a more in depth table of results
Some electrical testing of Van der Pauw structures after
processing of the rework revealed that the emitter sheet
resistance ranged from 60 to about 140 ohms/square across a
wafer. None the less, the average was around the range that was
predicted by THA and measure on the four point probe. The sheet
resistance values of the well from the Van der Pauw structures
were around 1.1 K ohms/square, which were also very comparable.
Because of some biasing problems in testing the base Van der Pauw
structures, accurate base sheet resistances were not able to be
obtained.
Electrical testing right after processing indicated a flaw
in the fabrication of the devices. The collector region had not
been totally etched prior to implant and therefore working NPN
transistors were not able to be obtained. In attempts to salvage
the devices, a rework was performed which would reopen the
collector regions, dope them and reconnect with metal.
E/B + E/C DIODE
(mA)
6. coc z
:~~~7:
I.
1. 5CC’
/d iv
—9. DCC’
—7. 200 0 3. 600
VF 1.200/div C V)
FIGURE 4: Plot of E/B and E/C diodes.
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Unfortunately, these extended efforts were not enough to
yield working devices. It was believed that the extra
temperature steps added in attempts to salvage the devices pushed
the emitter through the base. This verified that the base width
was indeed small prior to the rework and that there was the
likely hood that the junction measurements obtained earlier were
fairly accurate. The punch through was observed electrically by
the curves in Figure 4. As one can see, the emitter base diode
curve had a respectable turn on voltage but had an enormous
leakage current. The other curve was that of a bias across the
emitter/collector contacts. This demonstrated the very low
voltage that what was required to break down the
emitter/collector regions. Both of these curves support the
hypothesis of emitter punch through.
CONCLUSIONS
After the design and processing of this project it was
observed that THA SUPREM-3 definitely needs more characterization
work performed on it. It was also observed that a number of
steps have to be changed or modified to correct some of the
results that were obtained. Such as using a nitride layer to
eliminate the consumption of the N well during field oxide
growth, increasing the base dose to decrease sheet resistance and
further experimentation to correct the base junction depletion
observed. Even though the devices were not functional, given the
data obtained prior to rework, It was and will be possible in the
future to obtain working NPN vertical bipolar junction
transistors using this process or the process of the combination
of the two technologies. The combination of the technologies
would require minimal added steps and minimal extra time.
Therefore it is a viable and cost efficient upgrade.
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ABS TRACT
A study of the etch characteristics of a thermally
grown silicon dioxide etch in RITEs 2406 PLASMATRAC
RIE was performed for a C2F6 / CHF3 / C02 gas
mixture. Correlations between the amount of CHF3 and
C02 introduced and Si02 etch rates and selectivity
to polysilicon were investigated using a
statistical experimental design. Si02 etch rates
as high as 1018 A/mm were achieved with a
corresponding selectivity to polysilicon of 2.84:1.
At a gas flow of 60 sccm C2F6, 171 sccm CHF3,
48 sccm C02, 255 watts & 150 yntorr, an optimized
etch for selectivity was found to give an Si02 etch
rate of 910 A/mm with a corresponding selectivity
of 5.29:1. Uniformity of the etch rate across the
wafer was found to be good for the Si02 etch with
etch rates varying less than 5% across the wafer.
Helium additions were found to improve the
uniformity of polysilicon etch rates from their
nominal value of 25% to 11% across the wafer.
THEORY
Due to the ever decreasing feature sizes of integrated
circuits, recent trends in the semiconductor industry involving
etching processes has been away from wet chemical processing to
dry plasma etch systems. These systems offer better minimum
resolution due to their anisotropic etching nature along with
better control of sidewall profiles. Selectivity and throughput
are, however, degraded as compared to wet etching techniques.
The etch rates and selectivities of thin films in a plasma
system depends on several factors including the power and
pressure of the plasma along with the gas composition. In the
manufacture of silicon devices, Si02 is the most frequently
etched material and therefore has the widest range of etching
requirements [1]. When etching silicon dioxide it is often
necessary to etch preferentially to polysilicon. Si02 can be
etched in a plasma that produces fluorine atoms or which use feed
gas mixtures that generate unsaturate—rich fluorocarbon species.
Since polysilicon etching occurs when unattached fluorine
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Figure 1: Boundary between polymerization and etching as
influenced by the F:C ratio of the plasma [3).
radicals are present, for selective etching of Si02 to
polysilicon, an unsaturated gas feed is normally used [2).
This can be demonstrated for a C2F6 plasma. Si02 etching
will occur when C2F6 molecules collide with electrons to form CF3
radicals which in turn react to produce CFx radicals. A thin
fluorocarbon layer is formed when these unsaturated species
impinge on the wafer surface. The fluorine atoms in turn react
with silicon and carbon reacts with oxygen forming volatile
products which can be removed. Since no oxygen is available on
the polysilicon surface, reactants are nonvolatile and a polymer
forms. By lowering the fluorine to carbon ratio of the etchant
gas, selectivity of Si02 to polysilicon can therefore be enhanced
due to the fact that different reactions are responsible for the
etching of the two films. A gas combination used frequently to
lower the F:C ratio of the plasma and enhance selectivity of Si02
to polysilicon involves a C2F6/CHF3 mixture. This gas mixture is
on the verge of polymerization as shown in Figure 1 [3], and due
to this etch rates are lowered for both surfaces.
The addition of hydrogen to the etchant gas, decreases the
F:C ratio in the plasma even further since it reacts with
fluorine radicals forming HF thereby eliminating a polysilicon
etchant gas. The addition of an oxidant such as carbon dioxide
to the plasma should result in pulling the chemically reactive
species toward the etch side of Figure 1, resulting in higher
etch rates and increased throughput. This added oxygen will also
tend to remove the polymer formed on the surface of the
polysilicon thereby promoting polysilicon etching. Although the
selectivity of Si02 to polysilicon will diminish with oxygen
addition due to the fact that oxygen is already abundant in the
region of the Si02 and any further additions are diluted by that
already present, it may be compensated by the amount of hydrogen
existing in the plasma from CHF3.
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With the advent of larger diameter wafers, the uniformity of
etch rates has become an important concern. For certain etchant
processes, etch rates are required to vary less than 5% over the
entire wafer. Helium may be a suitable additive to an optimized
etch gas to achieve desirable uniformity. Non uniformity can
result from poor gas flow or non uniform electric fields or
currents [41. With the addition of a light, inert gas such as
helium, etch rates should not be affected and due to the dilutive
nature of the helium in the plasma, high concentrations of etch
species in certain areas will be less likely to occur,
eliminating plasma concentration gradients which result in
arcing. Due to this phenomenon~ uniformity will increase since
the areas where arcing occurs consumes the majority of the
available power resulting in nonuniform etch rates [5].
This experiment studied the etch characteristics of a Si02
etch preferentially to polysilicon for a C2F6/CHF3/C02 plasma.
Correlations between the amount of CHF3 and C02 introduced and
Si02 etch rates and selectivity to polysilicon were investigated
and a statistical experimental design used to determine an
optimal process for both Si02 etch rate and selectivity with
respect to polysilicon. Helium was then added to the optimal
process found for selectivity and its effects on etch rates and
uniformity determined.
EXPERIMENT
Twenty—five 3 inch wafers were prepared for this experiment.
The wafers were dipped in HF to remove any oxide present and then
RCA cleaned. Approximately 5000A of Si02 was thermally grown and
approximately 7000A of polysilicon deposited via LPCVD. The
polysilicon was lithographically patterned using KT1820 and a
stripped mask which defined 1 cm wide lines of alternating
polysilicort over Si02 and Si02 lines. The wafers were rotated 90
degrees and KT1820 photoresist was patterned in the same manner,
resulting in perpendicular lines of photoresiSt over polysilicon
and Si02.
This study utilized a 2406 PLASMATRAC RIE to determine the
effects of C02 and helium on a C2F6/CHF3 plasma etch of silicon
dioxide. Carbon dioxide was added in various amounts to a
C2F6/CHF3 plasma optimized previously for selectivity of Si02 to
polysilicon. A suitable baseline for C02 addition was determined
and a faced central composite statistical design was used to
enhance the etch rate of Si02 and its selectivity to polysilicon.
The CHF3 flow was varied from 137 to 205 sccm, C02 from 32 to 48
sccm, power from 204 to 306 watts and pressure from 120 to 180
mtorr. Response variables included the etch rate of Si02, its
selectivity with respect to polysilicon and uniformity of the
Si02 etch.
Film thicknesses were measured using a NanospeC and
polysilicon thicknesses verified with an alphastep since the
Nanospec program used was calibrated for polysilicon over 1000A
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of Si02. Measurements of Si02 were absolute while those of
polysilicon were, therefore, relative. The uniformity of the
etch across the wafer was found from the formula
(High Reading — Low Reading) /2 * Average (1)
Measurements were taken at the top, center, flat, left and right
sides of the wafer so that uniformity could be measured. After
an optimized Si02 etch process was found, it was verified and
helium was then added to the optimized C2F6/CHF3/C02 etchant gas
from 100 sccm to 250 sccm in increments of 50 sccm and its
effects on the response variables noted.
RESULTS/DISCUSSION
A summary of the process conditions and results of the faced
central composite statistical design can be found in Table 1 in
Appendix A.
Within the design space, RS1 calculated an optimized silicon
dioxide etch rate process to give 1045 A/mm with a 3.48:1
selectivity to polysilicon. An optimized selectivity to
polysilicon process also was calculated, giving an Si02 etch rate
of 827 A/mm with a selectivity of 6.41:1. From extrapolation of
the data outside of the original design space, RS/1 predicted
that a high Si02 etch rate at both low and high values of C02
concentration can be achieved. This is, however, contrary to
data obtained from establishing a C02 baseline and when these
results were attempted to be verified it was found that the
predicted RS/1 values for the data outside of the design space
could not be replicated, however, verification was achieved for
the RS/1 results within the statistical design. These findings
are summarized in Table 2.
RS/1 Optimization
Within Design Space Outside Design Space
Etch Rate Selectivity Etch Rate Selectivity
S~.O2 to polysilicon Si02 to polysilicon
C2F6 60 seem 60 sccm 60 seem 60 seem
CHF3 173.89 seem 171 seem 215 seem 125 scem
C02 48 seem 48 scen 70 seem 15 secm
Power 282.54 watts 255 watts 300 watts 300 watts
Pressure 120 mtorr 150 mtorr 120 mtorr 120 mtorr
Predicted:
E Si02 1045 A/Win 827 A/Kin 1800 A/Win 1200 A/Win
Selectivxty 3.48:1 6.41:1 3.6:1 1200:1
Actual:
E Si02 1018 A/Win 909.8 A/Win 915 A/Win 905.2 A/Win
8e1ectiv~ty 2.84:1 5.29:1 2.48:1 3.12:1
Table 2: Actual & predicted etch rates and selectivity
and their respective etch chemistry.
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Figures 2 and 3 are contour plots of the Taylor series
models for Si02 and polysilicon etch rates versus C02
concentration, CHF3 concentration, power and pressure. From
these it can be seen that the etch rates of both Si02 and
polysilicon decrease with increasing concentrations of CHF3 as
predicted from Figure 1. With increased C02 concentrations, the
etch rate of Si02 increases steadily, while that of polysilicon
increases until approximately 40 sccm of C02, then declines.
This results in the highest selectivity of Si02 to polysilicon at
higher values of C02 concentration. Figure 3 shows that both
Si02 and polysilicon etch rates increase with decreased pressure.
This is due to the fact that lower pressures result in longer
mean free paths for the plasma’s ions, which in turn leads to
more i&iic bombardment, removing any fluorocarbon buildup and
facilitating etching. With increased power, etch rates of Si02
peak at approximately 280 watts, while those of polysilicon
increase slowly but steadily. Since Si02 does not require
extensive ion bombardment to remove any polymer formation due to
the presence of oxygen, its etch rate reaches a maximum. This
oxygen is not present at the polysilicon surface and therefore,
increased power results in greater ionic bombardment facilitating
etching as described previously.
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Figure 3: CCF Response Surface Model for fixed C02
and CHF3 concentrations.
Figure 4 shows the effects of helium additions to the
etchant chemistry optimized for selectivity. The uniformity of
polysilicon seems to be improved at a helium addition of 150 sccm
however, higher polysilicon etch rates are the cost. This can
be explained by the fact that although helium is light, it still
can enhance ionic bombardment, leading to higher polysilicon etch
rates.
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Figure 4: Helium addition to a C2F6/CHF3/C02 Etch
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CONCLUS IONS
This experiment provided valuable information on the effects
of C02 on a C2F6/CHF3 etchant gas. A previously optimized
C2F6/CHF3 etch resulted in Si02 etch rates of 612 A/Mm with a
selectivity to polysilicon of 6.3:1 [6]. By adding C02, etch
rates of Si02 can be improved to approximately 910 A/Mm with a
selectivity to polysilicon of 5.29:1. If the desired Si02 etch
rate is high, then this gas mixture is optimal with little loss
of selectivity to polysilicon. Helium additions were found to
improve, otherwise poor polysilicon uniformity, however, the
added helium was seen to increase polysilicon etch rates in the
process.
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APPENDIX A
p,,~ Df3 t02 Por P~,s~ure 6 SIOC 6 PU.T thifoc~ity Lhi1~mit~
$,i0c~ Isccil 1~t.1 (~atts) (itorr) ~ (8/i~n) Sill Etch Po17 Etch
- I 205.04 48.00 255.28 150.04 72~78 2~78 8.83 s.~
2 285.00 32.00 281.04 I2~04 63~.18 ~s).&o se~ e.Isi
3 Zes.00 32.90 284.04 104.04 433.32 173.28 8.01 L215
i 171.28 48.28 255.04 150.04 78304 3~~s LBS 8.I~
S 225.90 48.04 284.04 IB0~04 465.48 l%.S8 8.03 8.100
6 171.00 48.04 255.04 150.04 E7.00 173.18 SOS 8.104
7 295.90 32.04 ~.00 l1L04 %~32 l?~S8 8.01 8.378
S 171.04 4L00 281.04 150.04 445.00 222.80 8.81 8.25~
9 171.04 48.00 255.00 ISL04 ?8i80 322,78 8.85 8.164
18 171.00 40.04 255.00 158.04 771.00 321.78 8.01 6.178
II 171.04 18.00 255.04 100.00 772.78 333.68 8.03 6.110
12 137.04 31~C 30088 128.88 1818.78 ~8.04 L88 LICO
13 137.04 32.88 ~0O I~8S 577.04 314.28 8,84 L158
11 225.04 31.88 ~90 100w 573.04 181.00 8.85 L104
IS 137.04 48.80 284.80 100.04 133.28 215.17 L84 LIlS
16 137.04 18.04 281.04 12L04 63~28 2%.00 0.05 LI3S
17 I71~0 48.00 255.04 15L08 724.04 333.48 LOS LliS
18 I7l.04 40.00 ~S.04 15L88 712.04 283.04 0.83 8.120
19 28508 48.04 284~8 12L04 651.60 243.l8 8.04 L%S
28 285.88 48.04 ~80 128.04 l00~32 231.58 set 8.135
21 137.04 31~ 284.00 128.00 68L60 2l5~0 LBS 8.313
22 171.04 1L00 255.04 ISLBO 785.88 31~04 8.84 8.215
23 137.04 18.04 ~.04 • 128.00 83S~3 122.00 8.82 8.155
21 137.04 48.04 255.80 158.04 674.00 215.04 0.83 8.168
25 171.04 32.00 255.04 158.04 717.68 255.04 8.01 LI00
26 137.00 48.04 ~.98 100.00 515.04 283.18 8.01 8.873
27 171.04 48.00 255.04 158.00 783.78 315.81 LBS 8.104
28 171.84 40.28 255.04 128.00 818.50 212.48 LBS 8.112
23 137.00 31.04 284.00 100.00 445.20 122.68 8.85 8.121
~ 171.04 48.84 265.81 158.00 712.04 237.78 6.81 8.135
31 205.04 48.04 ~.04 104.04 734.18 132.60 8.86 8.168
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ABSTRACT
At RIT, a sol-gel method is being used to
synthesize lead zirconate titanate (PZT).
Techniques available to characterize these
films include scanning electron microscopy
ellipsometry, energy dispersive analysis
using X-rays (EDAX), and X-ray diffraction
(XRD) to determine crystallinity. After
heating above the Curie temperature, XRD
indicated that a perovskite structure, known
to be ferroelectric, was obtained for a PZT
film.
INTRODUCT ION
Of the 32 crystal classes, some are unique in that their
structure provides for two different stable polarization states [1]
This effect is known as ferroelectricity and can be utilized to
create a nonvolatile memory cell. Hence, concerns, such as power
loss, which are inherent in the volatile nature of DRAM5 and SRAMs
may be eliminated. Additionally, ferroelectrics can achieve high
density like DRAM5, but without the need for three dimensional
fabrication of trench capacitors. Ferroelectrics also offer the
promise of radiation hardness and also better endurance than EEPROMs
[2] . Hence, the potential of ferroelectrics has led to a surge in
reasearch and development.
A diagram of a crystal which exhibits ferroelectricity is shown
in Figure 1. When an electric field is applied the domains, ordered
parallel electric dipoles, can be switched from one direction of
polarization of alignment to another.
~ Met&lic Anion (Pb>
I d B 0 Metôllic Cation (Zr Ti)
Figure 1: Crystal structure exhibiting ferroelectricity.
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The perovskite structure is one type of crystal which exhibits
ferroelectric behavior and is compatible with semiconductor
standards. The crystal has the form ABO3 where A metallic ions are
situated at the corners of the cell, and a B metallic ion at the
center. The arrangement gives rise to an octahedral cage, from
which the middle metallic ion can be displaced into either two
different positions. Various elements have been utilized, notably
barium and titanium (BaTiO3) [3], however the perovskite containing
lead with zirconium and titanium (PZT) has proven to have better
characteristics [2]
The relationship between applied voltage and resulting
polarization charge exhibits a hysteresis behavior as shown in
Figure 2. In 1921, this phenomenom was inaccurately termed
ferroelectric because of its resemblance to behavior found in
magnetic materials. As voltage is increased the ferroelectric will
reach a point, known as saturation polarization, where almost all of
the domains have been aligned. Any further increase will result in
a negligible increase; however, too much voltage may result in
breakdown. Once saturated, upon removal of the electric field a
significant number of domains will retain their state. The two
zero—field points are referred to as remanent polarization. Thus,
binary application can be achieved by defining one state to be a “0”
and the other a “1”. The amount of voltage necessary to switch the
polarization state is known as the coercive field. In order to be
assimilated into microelectronics, the magnitudes of these
parameters need to meet current specification, such as a 5 V power
supply.
Coercive Coercive
voltage — voltage +
MCIcm’
_--__
Unswitched
charge+ 60 /
____________ / — _______________ Switched
/
~::
Figure 2: Polarization vs. Electric Field [2)
Perovskites have been made utilizing familiar techniques such
as sputtering and CVD, as well as more exotic techniques like sol
gel, laser ablation. Sol—gel is considered the most feasible method
for college research since only a basic chemistry set up is needed —
no expensive machines [4]. Coincidentally, as it turns out the sol
gel process has become a leading method because more uniform films
can be obtained. In this work, preliminary studies were begun in
sol—gel preparation and material characterization. Long range goals
involve development of a ferroelectric thin film for applications in
ferroelectric RAMs (FRAMS)
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Currently two companies market FRAMs; Ramtron of Colorado
Springs utilizes sputtering of ferroelectric material in creating a
cell which is used for back up of SRAMs; the polarization occurs
within 10—2Ons, well before the RAM loses its state. Krysalis of
Albuquerque reportedly uses a sol—gel process in order to fabricate
a cell which is used as the primary storage element, like that of a
DRAM [5] . Figure 3 illustrates a possible implementation of a
ferroelectric memory cell.
Word Line
Insuletor
Field Oxide
Electric PolUgete
Cell
Figure 3: Memory Ce].]. (FRAM) Realization.
It should be emphasized that although ferroelectrics have high
dielectric constants, from 1000—1500 [2], the cells, though
sometimes termed capacitors and whose symbol resembles a capacitor
are not such — their nonvolatility is possible due to its bistable
nature. A true capacitor has inherent lossy characteristics which,
besides requiring refresh, render it volatile.
EXPERIMENT
The method of sol—gel preparation, derived from Gurkovich and
Blum [6] and annealing information from Budd, Dey, and Payne [7],
was used to obtain (Pbl.lZro.sTio.5)03. During the synthesis the
solution and vapor temperature were monitored. Distillate was
captured after each distillation to aid in quantifying the process.
Due to their moisture sensitivity, the isopropoxides were handled in
a nitrogen ambient.
The complex was coated onto glass slides. At this juncture,
the components are in an amorphous state. In order to facilitate
crystal formation, the complex must be heated in order to give the
components sufficient energy to crystallize. This threshold is
known as the Curie temperature. The heat treatment of the films
consisted first of an initial softbake in an oven at 185°C for 20
minutes to drive off solvents, then an anneal in a furnace in
nitrogen at 650°C for 10 minutes.
PZT thin films on bare silicon and on glass were studied using
an ellipsometer, SEM, and EDAX and XRD. Ellipsometry was used to
obtain refractive index and thickness inforamtion. A Nanometrics
Cwikscan/100 SEM and an optical microscope were utilized in order to
study surface morphology. EDAX was performed to determine the
composition of the film. X-ray diffraction was performed on a
Riguka machine with a copper K-alpha source in order to determine
the crystallinity.
lectric Cell
Ferro Source I Orein
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RESUI~TS/DISCUSSION
Figure 4 is the liquid and vapor temperatures recorded during
synthesis of the PZT complex. A three—neck flask containing 25m1 of
2—methoxyethanol anhydrous was heated to distill off any water. The
linear rise in temperature between times 0 and 8 minutes confirmed
the solvent’s purity. Upon cooling to 56°C, 11.48g (0.03026 mol) of
lead (II) acetate trihydrate was added. The solution was reheated
to the boiling point of 2—methoxyethanol (124—125°C), in order to
remove the water, which would otherwise react with the
isopropoxides. The kink in the temperature plot at 112°C is
evidence of water. Upon cooling to 77°C, it was rediluted with l5ml
of solvent. The rapid rate of temperature between times 70 to 75
minutes indicated most of the water had been removed.
The solution cooled to 73°C, at which time 4.lml (0.01378 mol)
of titanium (IV) isopropoxide and 5.39g (0.01375 mol) of zirconium
(IV) isopropoxide isopropanol complex were added. At this time the
color of the solution went from a light opaqueness to a golden
yellow. The complex was again heated and at approximately 95°C the
isopropanol distilled off. Afterwards the temperature of the
solution, now unimpeded, rose quickly to the b.p. of 2-
methoxyethanol. After about 5 minutes at this level the heating was
stopped and the solution was left to cool. The complex was filtered
through glass wool during which lOml of solvent was used to aid in
the recovery of the complex.
.—.o—— solution
0 your
Figure 4: Sol-gel temperature monitoring.
From ellipsometry measurements on three films with
different compositions it was observed that as the nominal percent
of zirconium increased from 25—100%, the real refractive index of
the film varied from 2.0 to 2.6. Results indicated that the films
were about 2000A. After firing a bOA decrease was observed.
For some spin—coated films, an optical scope revealed that
density of material decreased radially. Hence, the current coating
method using a static dispense needs to be optimized or an an
alternative method such as dipping may be needed. In general,
proper control of the viscosity of the solution along with a smooth
heating procedure will be needed to form uniform films.
nop000 us. sin)
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EDAX information is shown in Figure 5a. The spectrum shows all
elements to be present. No quantitative analysis was attempted.The
scanning electron micrograph in Figure 5 gives insight into the
film’s uniformity and porosity. Obviously, cracking is a
concernthat must be addressed if these films are to be used as
FRAMs -
a) EDAX b) SEM of PZT.
From the XRD spectrum in Figure 6, the atomic plane spacings in
Table 1 were found by solving Bragg’s Law. They are characteristic
of the perovskite phase which is a known ferroelectric [8] . In
addition to the annealed slice, a film which had been dried at room
temperature was analyzed and found to be amorphous.
200011 5/ 2/01 5. 0.020 5. 2.000 tEA 0*104 50/50 00 WATER
2000
000
S
C
.1200
000
000
Figure 6: X-ray diffraction on Pb1 1Z r0 5Ti05O3
(a)
Figure 5:
(b)
4...~fr... ....U.,,, ...1....
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Table 1: Plane Computations Using Bragg’s Law
d (A)
2(9) Sin(G) RIT Okada
21.5 10.3 0.179 4.30 4.10
30.5 15.3 0.264 2.92 2.90
38.0 19.0 0.326 2.36 2.33
44.0 22.0 0.375 2.05 2.05
49.5 24.8 0.419 1.84 1.84
54.5 27.3 0.459 1.68 1.67
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A capacitor has yet to be fabricated, but before building one
it will be necessary to find suitable electrodes which can withstand
the annealing of PZT while also promoting uniform crystal growth.
Aluminum, which with silicon has a eutectic of 577°C, can be
deposited as one of the electrodes provided the anneal temperature
is below 550°C. The perovskite structure is obtainable at a minimum
temperature of about 500°C, however a lower temperature may result
in a pyrochiore phase which is not ferroelectric. Therefore anneal
studies will be necessary.
CONCLUSION
A sol-gel process has been developed to produce the PZT
complex. An anneal procedure at 650°C for 10 minutes successfully
formed the perovskite structure needed for ferroelectric
applications. Refinement of both film formation and analysis is
needed.
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CHARACTERIZATION OF CHEMICALLY AMPLIFIED ADVANCED
NEGATIVE RESIST FOR G LINE APPLICATION.
Shu Tsai Wang
Senior Microelectronic Engineering Student
Rochester Institute of Technology
ABSTRACT
Chemically Amplified Advanced Negative Resist for
G line application was evaluated under three
different Post Exposure Bake temperatures. The
photospeed increased from 22mj/cm*2 to
lOmj/cm*2 as the post exposure bake temperature
was increased from 120C to 140C. A contrast of
approximately 2.0 was obtained for all three
treatments, as opposed to the expected value of 4.0.
The Optical evaluation of line and space. patterns
suggested the 120C post exposure bake temperature
will give wider exposure process latitude than 130C
or 140C temperatures. The resist exhibited high
sensitivity below 3Omj/cm*2 with wide exposure
process latitude around 2Omj/cm*2.
INTRODUCTION
Higher numerical aperture (0.48) lenses, shorter wave length exposure sources
(365nm) ,and/or the development of novel resist process such as DESIRE permits optical
lithography to reach submicron dimensions. The imaging scheme, DESIRE, has been
reported to produce acceptable patterns of 0.6um lines and spaces imaged with 0.45
numerical aperture lens stepper using 436nm or G line exposure source. In the DESIRE
process, only a thin top layer (2000 -3000 A ) of a micron thick resist is exposed. The
resist is then silylated with HMDS primer. Silylated resist is dry developed under oxygen
plasma to form the image [1]. These developments, coupled with readily available 0 and I
line exposure tools in manufacturing environments, contribute to a high demand for the
high resolution, speed, and contrast performance in optical resists [2j.
One potential resist system which may meet all these criteria is a chemically
amplified crosslinking system. Chemical amplification utilizing thermal crosslinking has
been shown to result in high sensitivity, contrast and resolution [3]. Chemically Amplified
Advanced Negative Resist (ANR) for deep UV and e-beam is such a system. It is mainly
composed of a phenolic resin, an acid activated melamine crosslinker ,and light sensitive
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halogenated acid generator. The chemistry is based on photo-initiated acid generation in
which acid is formed upon exposure to light. In the presence of heat (IOOC), the phenolic
resin undergoes crosslinking because the acid acts as a catalyst in the reaction. One of the
byproducts of the crosslinking reaction is acid. Thus one unit of photon energy creates
more than one chemical events. Figures 1 and 2 show the chemistry of ANR crosslinking
reaction mechanism.
~
IL /L~s~5
Poly(p-vinyl)phcno! resin
Figure 1: Upon exposure to heat (100C), the phenolic resin polymers
are cross linked through melamine crosslinker.
H
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—N — —N + H’ FAST
CN,OR 01,01
Figure 2: Regeneration of acid from cross linking reaction.
One shortcoming is its insensitivity to readily available 1 and G line exposure
sources. Therefore, a photosensitizer was added to the resist so that it will work for G line
exposure sources. The following mechanism was proposed for how the sensitizer
works:
1) excitation of the sensitizer using appropriate light source.
SH >>> SH’~
2) electron transfer from the excited sensitizer to the Acid Generator to generate a radical
cation
SH* + RX >>> SH+’ + RX-’
OH
158
3) release of halide ion from the Acid Generator radical anion and a proton from the
sensifizer radical cation to generate a molecule of halogen acid.
RX-’ >>> R’ + X
SH+ >>> 5’ + H+
where SH is the sensitizer and RX is the halogenated acid generator [2].
Chemically Amplified Advanced Negative Resist should be far superior to the
conventional negative working cyclized polyisoprene based resist. Poly(p-vinyl) phenol
is used as a resin because it provides requirement of low absorbance to the light and high
resistance to the plasma etch. Chemically Amplified ANR uses aqueous developer unlike
cyclized polyisoprene which uses organic solvents . Therefore, image swelling during
development is eliminated. On the otherhand, swelling of cyclized isoprene limits its
resolution to l.5um [4]. The resist under investigation is much more dependent on the
post exposure baking temperature because acid generation is reaction rate dependent.
Therefore, depending on the post bake temperature and time in bake, the optimum exposure
requirement will vary. Chemically Amplified ANR for near UV is developed to produce
high photospeed ranging 15 mj/cm*2 to 125mj/cm*2 depending on post exposure bake
temperature of 130C to 100C, respectively. The contrast ranges from 3.4 to 6.5 depending
on the exact concentration of the resist component. It has been shown to achieve resolution
around 0.8um using 0 line source with 0.38 NA stepper [2].
The subject of this paper is to see what kind of process latitude it has and the effect
of different post bake temperature on photospeed, contrast and resolution.
EXPERIMENT
The photoresist was coated at 4000 RPM for 30 seconds onto bare silicon wafers.
They were softbaked for 60 seconds at 90C. The index of refraction after the softbake was
measured using Ellipsometry. Based on the computed index of refraction value, the initial
coating thickness after softbake was determined using a Nanospec film thickness
measurement tool. Wafers were than exposed to about lOOmj/cm*2 of energy ,and post
baked at 140C on a hot plate for 80 seconds. Ellipsometry was performed to see if the
index of refraction value had changed. The mean value of index of refraction was
determined ,and its value was used extensively throughout subsequent film thickness
measurements using Nanospec.
The experiment was carried out over 2000A thick silicon dioxide on a silicon substrate.
Softbake was kept at a constant temperature as described above. A focus - exposure
matrix resolution mask was exposed with a GCA4800 Stepper and the optimum focus
setting decided. Using the constant focus setting, exposure was varied across the wafer
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ranging from 0 mj/cm*2 to l8Omj/cm*2 in 36 steps. The Post Exposure Bake
temperatures of 120, 130 and 140C were performed with two replicates for each treatment
group. The duration of Post Exposure Bake time was fixed at 80 seconds. All of the
wafers were developed for 35 seconds using MF 312..CD27 developer. Figure 3 shows the
process steps. _____
F
Advanccd
Ncgalivc
Resist
,uv
Radiation
Acid
____________ Insoluble
Ncnswelling
Image
Figure 3 : Near UV Advanced Negative Resist Process.
The film thickness at various exposure locations was measured using a Nanospec. The
resolution was evaluated using optical microscopy and lOum line and space pairs were
measured using a Nanoline Line - Width measurement tool.
RESULTS/DISCUSSION
A mean of the index of refraction of the resist after the softbake was determined
to be 1.68. A mean index of refraction of the resist after post exposure bake was
determined to be 1.75. The index of 1.75 was used in all Nanospec data. It was also found
that about 17% of film thickness loss has occurred after post exposure bake step.
Initially, wafers were developed for 1 minute, and it resulted in an unsatisfactory data.
About half of 36 die exposure steps were dissolved away ,and left behind dies which were
well overexposed. The development time to clear an unexposed resist region was
determined to be 8 seconds using interferometric techniques. It was recommended that the
development time should be 5 times that of the time to clear.
Based on this parameter, the development time was carried out for 35 seconds
with agitation ,and it yielded acceptable results. The remaining film thickness was
EXPOSE 1
I __
AQUEOUS DEVELOP $
Highly Cross~
— linked Tiw~’tally
Stable Image
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measured for various exposure dose steps. The normalized thickness verses exposure dose
curve shown in FIgure 4 revealed that the speed of the resist increased from 22mj/cm*2 to
lOmj/cm*2 as the post exposure bake temperature was increased from 120C to 140C. The
contrast values were determined to be around 2.0 for all treatments. Anticipated contrast
values were around 4.0. As the post exposure temperature was increased from 120 to
140C, the contrast value decreased from 1.92 to 1.66 respectively.
The resolution limit to distinguish line/space pair was evaluated as 1 .2um for all
treatment groups. However, the process latitude varied significantly depending on the
post exposure bake temperatures. The exposure process latitude was found around
2Omj/cm*2. This is the amount of variation in dose which does not change line and space
dimensions significantly. The results shown in figure 5 showed that the process latitude on
resolution is greatest for 120C. The optimum processing point for resolution around
l.2um for PEB temperature of 140C is around 2Omj/cm*2 with latitude range limited to
less than 5mj/cm*2 as shown by ~gure 7. For 1 30C, shown in ~gure 6, the optimum
resolution point shifted to 4Omj/cm*2 with latitude range around l5mj/cm*2. For 120C,
the mean optimum resolution point is at 5Omj/cm*2 with latitude range around 2Omj/cm*2.
Scanning Electron Microscopy (SEM) did reveal detailed resist profile information . The
slope of 2.6um line edge profile was very vertical. It showed no sign of round edge or
flow.
CONCLUSION
From this preliminary experiment, reported contrast values around 4.0 were not
seen.The experiment showed that the resistts contrast values were around 2.0. The resist
exhibited high sensitivity. The photospeed increased from 22mj/cm*2 to lOmj/cm*2 as the
post exposure temperature was increased from 120C to 140C. The process latitude curves
showed that the post exposure bake temperatures affects the process latitude on resolution.
As the PEB temperature was increased from 120C to 140C process latitude decreased
significantly. The optimum working point of the resist shifted from the low dose point to
the high dose point when the PEB was decreased from l4OC to 120C. This was expected
of the thermally crosslinking system.
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DESIGN AND FABRICATION OF A LATERAL BIPOLAR
PNP TRANSISTOR COMPATIBLE WITH RIT’S DOUBLE DIFFUSED PROCESS
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Rochester Institute of Technology
ABSTRACT
A chip was designed containing lateral
bipolar PNP devices with base widths ranging
from four to ten microns. Vertical NPN
devices were included in the designs. The
transistors were fabricated using a double
diffused process employing solid sources.
Two different boron collector/emitter
predepositions were performed in order to
study the effects of the p-type diffusion
sheet resistance on both lateral PNP and
vertical NPN devices. Testing of the lateral
PNP devices shows very small Early voltages
for the five and six micron designs, while
the four micron design exhibits punchthrough.
INTRODUCTION
The standard process for the fabrication of a vertical NPN
device, shown in Figure 1, begins on a P type substrate. The
substrate is implanted with an N type dopant such as arsenic in
areas where the NPN devices devices will be fabricated. This
implant is referred to as a buried layer, as the next step is
an epitaxial growth of N type silicon. The sheet resistance of
the buried layer is held much lower than that of the epitaxial
layer. Ar isolation diffusion is performed with a P tyne dopant
such as boron. This creates electrically isolated islands of N
type material surrounded by the P type isolation. It is these N
type areas which serve as the collector for the lateral NPN
device. Directly underneath these areas will lie the buried
layer previously discussed. The buried layer serves to reduce
the collector resistance by creating a low resistance path for
current flow. This is needed to produce desired electrical
device characteristics. Into the N type island is diffused a P
type boron base. The emitter is formed when an N type dopant
such as phosphorous is diffused into the base. The vertical NPN
structure is now evident.
Lateral PNP devices may be fabricated using the previously
mentioned process. The boron base diffusion is utilized to form
the P type collector and emitter. The epitaxial layer serves as
the N type base. The phosphorous emitter diffusion will serve to
form an ohmic contact to the N type base. The N type buried
layer is not utilized. This is because the desii~’ed base of any
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bipolar structure requires that the sheet resistance be
sufficiently high. The N type buried layer may reduce the sheet
resistance in the N type base, especially if the epitaxial layer
is not very thick. Figure 2 represents a cross—section of a
typical lateral PNP device.
Figure 1: Cross—section of typical vertical NPN transistor.
Control of the transistor gain is critical in bipolar
fabrication. The gain is related to the base width and doping of
the emitter, collector, and base. The transistor gain will
increase for decreasing base width and constant base doping.
Thus, by controlling the base width, a desired gain may be
achieved for a given base doping.
In vertical NPN fabrication, the emitter drive is what
determines the base width and is the critical step in the
process. ~ longer drive produces a narrower base width which
leads to higher gain. If the emitter drive is too long the
emitter will diffuse through the base and into the collector
producing punchthrough, or is a short between emitter and
collector. The I-V characteristics exhibited by punchthrough are
very similar to those of a resistor.
Figure 2: Cross-section of typical lateral PNP transistor.
CoH~ctor ~s~e Ern1tt~r
P Substrete
88s9 Corit~ct Emitter Collector
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The double diffused process at RIT is modified to lessen the
fabrication time. The N buried layer and N epitaxial layer are
omitted and replaced by an N type substrate. Isolation of the
devices is not possible. Solid sources are utilized for both
boron and phosphorous diffusions. The substrate serves as the
base for the lateral PNP and the collector for the vertical NPN
devices. Figure 3 represents a typical vertical NPN and lateral
PNP device fabricated at RIT. Four masking levels exist: Base
(P type diffusion), Emitter (N type diffusion), Contact Cut, and
Metallization. The names correspond to the vertical NPN
fabrication. The base serves as the P type collector/emitter for
the lateral PNP device. Masking oxides are needed for both
diffusions and the contact cut. The drive for the base serves as
the masking step for the emitter while the emitter drive serves
as the masking step for the contact cuts.
The double diffused process at RIT has progressed to a level
where vertical NPN devices can be fabricated routinely with good
electrical characteristics. The critical step in controlling
gain on lateral PNP transistors fabricated using the same process
is the mask spacing. Previous lateral PNP designs at RIT were
completed using ten micron design rules. ~ccounting for the
lateral diffusion, actual base widths were on the order of six to
eight microns. This is very large and measured gains were no
better than ten. Fabrication of such devices in industry targets
lateral PNP base widths of one micron or less. The design,
fabrication, and testing of lateral PNP transistors are the
subjects of this paper.
Collector
B8s8 Wb I) \\\.—:—--1) (
Contact (8~9
W 1
Figure 3: Vertical NPN and lateral PNP devices at RIT.
EXPERIMENT
chip was designed containing lateral PNP devices with base
widths ranging from 4-lOum. The N+ base contact, which is
wrapped around the device, was designed at both 5-lOum spacings
from the collector. Vertical NPN designs were included in the
designs to act as monitors to verify acceptable gain. Van Der
Pau structures were included on chip for sheet resistance
testing.
Collector Ernlttgr eese Contact Emitter
Wb s ~ese Width N Substrate
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Figure 4: Sample layout containing four micron base width
and 5 micron base contact wrap.
Ten N type ,<111>, 5-15 ohm-cm were scribed, RC~ cleaned,
and oxidized at 1100 C for 35 minutes in wet 02. The first mask
was completed using the pattern generator and repeater.
Lithography was completed using KT1820 resist coated on a GC~
wafertrac and exposed with a Kasper contact aligner. The oxide
was patterned and the resist stripped in a Tegal 02 plasma. The
P-type boron predeposition was completed using Car’borundum 3N975
solid sources with the wafers split into two groups. One group
was predeposited for 30 minutes, while the other saw 40 minutes,
both at 975C. The boron drive was done at 1050C with 30 minutes
of N2 and 30 minutes of wet 02. Second level lithography was
completed for the N-type phosphorous predeposition. The N-type
phosphorous predeposition was completed using Carborundum PH1025
solid sources at 10000 for 15 minutes. The drive was done at
100CC for 20 minutes in wet 02. Contact lithography, oxide etch,
and resist strip were completed. c~luminum deposition was done in
the evaporator. Hot phosphoric acid was used as the aluminum
etchant. The resist was stripped and sinter completed at 450 C
for 20 minutes in forming gas. Testing was completed on the
HP4145 parameter analyzer.
RESULTS/DI SCUSS ION
Process data is located in Table 1. The 10 minute
difference in boron predeposition time resulted in a 56 ohm/sq
difference in sheet resistance for the lateral PNP
collector/emitter. ~ssuming that the base lateral diffusion is
roughly 75 percent of the final junction depth, the total lateral
diffusion from collector to emitter is 4.05 microns. This
produced punchthrough on the devices designed with a four micron
base width which was evident in testing. The base width of the
five micron designs is less than one micron.
F _
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Collector — Emitter Breakdown
Vceo
Base Width Long Short
Sum 0 -o
6 jim -510 V -440 V
7 jim -6.02 V -7.22 V
8 jim -6.61 V -6.69 V
9 jim -7.73 V -6.94 V
10 jim -7.72 V -7.65 V
Table 2: Testing data for P-type
drive 4*1.
P Collector/Emitter Drive 2
Ps 98.6 0/0
Collector — Emitter Breakdown
Vceo
Base Wldth~Long IShort
Table 3: Testing data for P-tyoe
drive 4*2.
Table 2 represents the testing results obtained from the
devices created with the 30 minute P-type boron predeposition
(Drive 1). Table 3 represents the results obtained from the 40
minute P-type boron predeposition (Drive 2).
~s previously mentioned, the lateral diffusion from the
P-type collector/emitter was sufficient to produce a short across
the base in the four micron base width designed devices. The
five micron base width designs were nearly shorted across the
base, thus gain measurements could not be obtained from these two
devices. The six micron base width devices had gains less than
four. The gain did decrease as the designed base width increased
with the ten micron base width devices possessing the lowest
gain.
The Early voltages for the smaller base width devices were
very poor. This was the result of the base width modulation
created by the depletion region between the collector/base P-N
junction. The collector to emitter breakdown voltages wer~e also
poor for the narrow base width designs. This also results from
the same effect. The C-E breakdown did increase with increasing
First Masking Oxide:
Boron Predep #1:
Boron Drive
Phos Predep
Phos Drive
Toxr2963 ~
Psz55.é, o/sq Xj~0.3 microns
#2: Psz35.5 o/sq XjzO.3 microns
#1: Toxz27B5 ~ Ps~14B.2 o/sq Xjz2.1 microns
4*2: Tox:2932 ~i Psz98..B o/sq Xj~2.4 microns
Psz6.21 ~ Xj~0.6 microns (substrate control)
#1: Psz6.48 o/sq Xjnzl.5 microns Xjpz2.7 microns
#2: Psz6.99 o/sq Xjnzl.5 microns Xpz2.7 microns
Table 1: Process data.
P Collector/EmItter DriveI
Ps 148.2 0/0
Base WI~4th ft,~t (un,~ t~1n F~rl~ V
5 jim • 10 jim Long NA. 50.6mV Terrible
6 jim • 10 jim Long 3.78 2.10 V Poor
7 jim • 10 jim Long 2.96 5.48 V O.K.
B jim • 10 jim Long 2.48 7.96 V O.K. / Good
9 jim • 10 jim Long 1.72 10.2 V Good
10 jim, 10 jim Long 1.78 12.2 V Good
Test NPN 400 -100 V Good
Øese Width, Contact (jim) ‘3eir Earlil~. ~harscteristlc
Width C~’ “‘~ I F~rlii V
5jim,b jim tong
6jim,5 jim Long
7jim,5 jim Long
6jim,5 jim Long
9jim,5 jim Long
lOjim,5 jimLong
Chnrirtprictir
NA.
3.40
3.07
2.32
1.62
1.75
51.7 mY
1.32 V
5.21 V
9.14 V
11.4 V
12.5 V
- ... .vII~uu.~ ~IaIII/ .Dll, . . ... —:
5 jim • 10 jim Long NA. 64.1 mY Terrible
6 jim • 10 jim Long 3.85 1.70 V Poor
7 jim, 10 jim Long 2.70 5.61 V O.K
-~ jim, 10 jim Long 2.22 7.02 V O.K.
9 jim, 10 jim Long 1.73 1 1.1 V Good
10 jim, 10 jim Long 1.76 13.3 V Good
Test NPN 36.8 -158 V Good
8~se Width, Contact (jim) ‘5am ‘Earj~V. Characteristic
Tern bi e
Poor
O.K.
O.K.
Good
Good
5J.im,5 jim Long
6jim,5 jim Long
7pim,5 jim Long
8pm,5 jim Long
9jim,5 jim Long
10j.im,5 jimLong
NA.
3.82
3.31
2.69
1.77
1.83
37.3 mY
.446 V
4.93 V
8.38 V
11.3 V
12.6 V
Terrible
Poor
O.K
O.K.
Good
Good
5jim 0 0
6 jim -4.24 V -2.70 V
7 jim -7.27 V -7.99 V
8jim -l2.OV-ll.5V
9jim -l3.1V-l2.8V
lOjim -12.8 V -13.0 V
designed base width as expected. The C-E breakdown voltage was
higher for the devices created with the lower collector/emitter
sheet resistance (Drive 2). This was because the built in
potential across the collector-base junction was larger (for’
Drive 2) which in turn produced a larger depletion region. Thus
there was a smaller base distance to break down.
The base contact wrap distance on the lateral PNP devices
did not make a difference on device characteristics. This might
play a role when the base doping is optimized. The vertical NPN
devices had a higher gain for P-type drive 1 because of the
higher sheet resistance. 4 higher sheet resistance in the base
of these devices will produce a higher gain when the base width
is kept constant. The vertical NPN gain produced by both drives
was respectable.
In future processing the lateral PNP devices would operate
more efficiently if they were fabricated using a lower sheet
resistance base. This may be accomplished by using a lower
resistivity substrate or by building the devices in a Nwell such
as that used in RIT’s CMOS process. The Nwell doping could be
optimized, thus both the base and collector/emitter sheet
resistance could be controlled by process variations.
Optimization of the base and collector/emitter may be
accomplished through the use of a two dimensional process
simulator such as SUPREM 4. The two dimensional simulator could
simulate the lateral diffusion distances and depletion region
across the C-B junction.
CONCLUSIONS
Lateral PNP bipolar transistors were fabricated having
designed base widths which varied between four and ten microns.
The base contact distance was designed at five and ten microns.
Two sheet resistances were created for the P-type collector
emitter. Gain was not improved on the lateral devices. This was
because the doping of the base was too low thus producing large
modulations and poor characteristics. Future lateral PNP
fabrication should be done in an N-well or on a lower resistivity
substrate and simulated or~ SUPREM 4.
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DEVELOPMENT OF A DEEP TRENCH RIE ETCH
FOR CAPACITOR AND ISOLATION TECHNOLOGIES
Joseph W. Wisemari
Senior Microelectronic Engineering Student
Rochester Institute of Technology
ABSTRACT
A silicon trench 2um deep was etched in a
PlasmaTher’m 2406 RIE tool using an SF6/C02
chemistry with an oxide mask. The single
crystal silicon etch rate was 1100A/min, with a
high selectivity to oxide. A trench slope
approximately 50 degrees was obtained, with no
undercut of the oxide mask.
INTRODUCTION
The development of trenches for capacitors and device
isolation is essential to meet the demands for increased circuit
densities. Continued shrinking of device sizes may be limited by
the size of capacitors and isolation areas. One such application
where this is evident is a capacitive structure for DRAM cells.
Since there is a minimum charge necessary for reliability concerns,
the gate area of the capacitor cannot be reduced into the submicron
range [1]. Thus for the two dimensional DRAM, shown in Figure 1,
the area of stored charge occupies significant portion of the cell.
In order to solve this problem, a trench capacitor can be used to
minimize the area occupied on the surface, while still maintaining
the necessary charge in the device. A trench capacitor is a device
that utilizes a third dimension(depth into the silicon), so that it
consumes less area on the surface of the wafer and still meets the
minimum requirements for stored charge.
METAL7
STORAGE GATE TRANSFER GATE
IMPLANTS~ LBIT LINE
Figure 1: DRAM cell with two dimensional capacitance [2].
To create a trench capacitor, a trench with a relatively high
aspect ratio (meaning a large depth etched from a narrow opening)
is needed. A Reactive Ion Enhanced(RIE) etch with high selectivity
to the oxide mask is needed to form the deep trench etch with
vertical sidewalls. The etched trenches will then be filled with a
dielectric and polysilicon for the capacitor structure.
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In order for the fill to be successful, the resultant profile
should have a sidewall slope around 87 degrees and be slightly
rounded at the bottom to reduce stress effects [3]. If the slope
is greater than 87 degrees, the filling of the trench will be
pinched off, due to corner enhanced oxidation during the oxide
growth and the conformal properties of the polysilicon filling the
trench. A rounded profile at the bottom of the trench is desired
for filling purposes as well, and can be obtained with a brief
isotropic etch at the end of the RIE etch [4]. A DRAM cell with a
trench capacitor is illustrated in Figure 2, along with the
critical concerns of trench formation.
Figure 2: DRAM trench capacitor and critical areas [5].
Common isolation techniques are also obstacles to smaller
dimensions. In particular, the LOCOS process can not be made
smaller as easily as capacitors, because of the bird’s beak. The
bird’s beak is a phenomenon that comes from lateral oxidation that
can narrow device regions when smaller geometries are attempted.
This growth laterally is as long as the total oxidation is high,
thus not allowing it to be diminished or eliminated without a more
complicated process. Trench isolation can go deeper into the
substrate in a smaller horizontal dimension and give the same, if
not better, isolation. Figure 3 shows the bird’s beak effect from
LDCDS limiting the active region to about 1.5um. Also shown is the
trench isolation does not encroach on the active area and allows
for narrower channels. A trench for isolation is formed with the
same etch as the capacitors, but the trench is commonly filled with
a dielectric only.
Bird’s Beak Encroachm.nt
9_1~I~1
Figure 3: LOCOS isolation versus Trench isolation [6].
To form a deep trench with vertical sidewalls a RIE process is
required which removes silicon from the horizontal surfaces while
forming polymers on the sidewalls. Gases commonly used in the
industry include: HBr, NF3, CF4/02, Cl2, CC14, CC13F, or
SF6/CBrF3. Chlorine is the primary etchant because of its slow
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reactivity on the sidewalls, thus producing a more anisotropic etch
through sidewall passivation. It has been reported in literature
that problems with bowing in the trench exists. The phenomenon of
bowing can be seen by the rounded edges inside the trench, as shown
in Figure 4. One cause for bowing is that at higher pressures
there are more molecular interactions in the plasma, so that the
higher chance of collision and scattering cause the etching of the
sidewalls below the surface. This problem, however, has not been
evident in trench openings greater than 2um wide [7].
Since the gases mentioned above are primarily hazardous, they
were not available for use in our lab. ~ standard SF6/D2 process
for isotropic (same etch rate in all directions) polysilicon
etching cannot produce vertical sidewalls. Improving the
anisotropy was investigated by reducing pressure and increasing
power to encourage more ionic bombardment. This led to the use of
C02 to create a situation for sidewall passivation, due to the
unsuccessful attempts with modifying the standard isotropic
process. The C02 will dissociate in the plasma and some of the C
in the plasma will react with the F ions generated from the
dissociation of the SP~ in the plasma, this can form CF2 to
polymerize the sidewalls of the trench during the etch.
EXPERIMENT
Twelve 3, <100> silicon wafers were obtained and scribed with
DT-1 to DT—15. ~pproximately 6000A of thermal oxide was grown on
the wafers. They were then coated with 1.2um of KTI-820 positive
photoresist. The photoresist was patterned with a test mask
containing various sizes of line/space pairs and square openings.
~fter patterning the photoresist, the oxide mask was etched in the
RIE tool. For all the etches the substrate cooling was set at its
minimum, which kept the temperature between 16-1BC. The process
parameters used were CHF3 flow of 60sccm, C2F6 flow of l7lsccm,
pressure of 127mT, and power of 350W. ~fter etching the oxide
mask, the remaining photoresist was ashed off half of the wafers,
ji~ order to examine the effects of extra carbon in the plasma for
creating sidewall passivation.
Two wafers were then etched with the SF6/D2 chemistry to
explore the anisotropy of the etch. Wafer DT-1, which had the
patterning resist it was etched for 700 sec with conditions of SF6
flow of 3Osccm, 02 flow of l0sccm, pressure of lOOmT, Power of
300W. Wafer DT-2 was etched for about 240 sec with the following
Figure 4: Trench bowing effect [B].
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process: SF6 flow of l0sccm, 02 flow of 3sccm, pressure of 6OmT,
power of 250W.
Seven wafers saw the addition of various amounts of CO2 to the
etch process used for DT-2. Recall that some of these wafers still
had the resist layer, thus not only was C02 varied in this
experiment, but the presence or absence of resist as well. Table 1
shows the variation in C02 flow for these seven wafers. Finally,
wafer DT-15 was etched for 30 minutes with the power increased to
350W, and a CO2 flow of 30sccm. The last 2 wafers were
lost.
Wafer # Mask C02 flow(sccm) Etch Time(min)
DT—4 Oxide 5 10
DT-8 Oxide 10 15
DT-9 Oxide 20 15
DT-10 Oxide 40 10
DT-12 PR + Oxide 5 10
t)T-13 PR + Oxide 20 15
DT-14 PR + Oxide 40 20
Table 1: Experimental Parameters for the SF6 + C02 runs.
RESULTS/DISCUSSION
The wafers were evaluated with an ~lpha-Step Profilometer and
a SEM for verification of trench depths and profiles. For the
wafers etched with SF6 and 02, there were Si etch rates (vertical)
of 1-1.5um/min, with the latter etch rate for wafer DT-2. ~s
expected, the etch was almost perfectly isotropic, etching only
twice as fast vertically, as horizontally. The etch depths for
DT-1 and 2 were 10 and 6um respectively, with the undercutting of
the oxide mask being of approximately 5 and 3um. This can be seen
in the corresponding SEM micrographs in Figures 5 and 6.
The CO2 addition proved to be successful in passivating the
sidewall, with the etch rate decreasing significantly with the
increased CO2 flow. The results of this experiment are shown in
Table 2 below, with the etch rates(ER) in 1~/min.
Wafer # Vert ER Hor ER Depth Undercut Fig ~
DT-4 6000 3400 6 3.4 -
DT-9 5700 -- 9.5 - -
DT-9 3600 1200 5.4 1.9 7
DT-10 6000 -- 1.5
DT-12 5300 3400 5 3.4 6
DT-13 5000 -- 7.5
DT-14 1100 -900 2.5 9
Table 2: Data for SF6/C02 experiment
Overall, the C02 addition had a dramatic impact on the
sidewall slope,, with results that predict a better process. From a
graph of the vertical and horizontal etch rates, shown in Figure 11
at the end, it can be seen that the horizontal etch rate approaches
zero around a F::C ratio of 2.6::1. This ratio is theoretical, but
it predicts a process flow with 13 sccm of SF6 and 30 sccm of CO2.
With these flows and the same etch parameters used for the seven
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wafers in the C02 experiment, vertical sidewalls should be
obtained. This result was verified by an equation developed to
express the anisotropy of the trench. This relationship, as
shown on the graph in the appendix, shows that 100~ anisotropy(or
a vertical sidewall) would occur around a F:C ratio of 2:1, which
is very similar to the results obtained from the etch rates
alone. Figures 7, 6, and 9 show the change in the profile as the
C02 flow was increased for wafers DT-9, 12 and 14, respectively.
The polymer formation on wafer DT-14 is shown in Figure 10.
CONCLUSIONS
The SF6/C02 chemistry proved to be an effective method for,
obtaining a more anisotropic trench profile, when compared to the
SF6+02 chemistry. From the etch rates obtained during the C02
experiments, it can be concluded that an optimum process would
be: SF6 flow of l3sccm, C02 flow of 30sccm, pressure of 6OmT,
power of 250W. This process should be attempted, with a wafer
patterned with photoresist on about 6000P~ of oxide. The trench
obtained, however, may have extreme problems with polymer
formations, that cannot be removed. ~ method should be
investigated to remove of these polymers, along with possibly
trying a CF4/02 chemistry.
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FABRICATION OF CHROMELESS PHASE-SHIFTING MASK USING
SPIN ON GLASS
Kuen C. Yue
Senior Microelectronic Engineering Student
Rochester Institute of Technology
ABSTRACT
This project investigated the concept of a
chromeless phase-shifting mask. An optical
simulator, SPLAT, was used to predict the aerial
image formed for various chromeless phase-
shifting patterns. Allied Signal 311 spin on glass
was patterned on a quartz plate and imaged using a
GCA MANN4800, lOX, NA=O.28, G-line stepper to
demonstrate the concept. Simulations showed and
experimental results confirmed that a dark field
could be produced with checkerboard patterns below
O.4Lambda/NA. Using 25% solid KT1820 resist
coated at a thickness of 5000A, O.6um lines and
spaces were resolved.
INTRODUCTION
With the ever increasing demands for smaller feature sizes in the
microelectronic industry, it has become necessary to employ either
complicated multilayer resist schemes and/or utilize costly exposure
tools to extend the limits of practical resolution in optical pattern
transfer. Traditionally, the resolution of an imaging system can be
improved either by moving to a higher numerical aperture lens, using
exposure source with shorter wavelength, or switching to a high contrast
or multi-layer resist system. All of these methods have their own
inherent problems such as loss of depth of focus or increase of processing
complexity. An alternative to these techniques is the use of a phase
shifting mask.
Over the past few years, several different phase-shifting mask
techniques have been proposed for improving resolution in optical
lithography [1-5]. Studies have shown that the image projected by an
optical stepper can be improved by incorporating transparent phase
shifting pattens on a conventional chrome mask. The light passing through
the phase-shift layer will be delayed so that it is 1800 out of phase with
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the light through the clear area on the mask. Consequently, the resultant
destructive interference of the light reduces light diffraction effects,
thus increasing the contrast of the projected image. This in turn improves
the resolution of the optical projection tool. However, this phase
shiftin9 technique requires aligning the phase-shift layer to the chrome
layer on the mask. This creates engineering difficulties as the present
commercially available mask-patterning tools are not able to align layers
on masks. An alternative is to make a chromeless phase-shifting mask
which only involves patterning the 180 degree phase shifter on a clear
quartz mask plate. This project was an investigation of using spin on
glass to fabricate a chromeless phase-shifting mask.
Pattern imaging using chromeless phase-shifting masks is slightly
different from conventional chrome mask techniques. For the chromeless
phase-shifting mask, aerial images are defined by the destructive
interference of light passing through the clear quartz areas and the phase-
shifting areas. This destructive interference occurs at the edge of the
phase shifter. As a result, the null electric field region, and therefore,
the null intensity region are created at the phase shifter edge as shown in
Figure 1. Additionally, enhanced optical contrast of the projected image
is achieved with a chromeless phase-shifting mask when compared to the
conventional chrome mask. Also note the frequency of lines and spaces
formed on the wafer will be double that on the mask. Small gratings, like
Figure 1: Comparison of Chromeless Phase-shifting Mask and Conventional Mask
[6].
Chromeless Phase Shifting Conventional Mask
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checkerboards and/or line/space pairs, can be used to form opaque areas
on the wafer, since small enough gratings can cause sufficient
destructive interference to completely inhibit the transmission of light.
In order to optimize the performance of a chromeless phase-
shifting mask, it is essential to control the thickness of the phase-
shifters and their slope profiles so that destructive interference occurs
at the phase-shifter edges. The thickness d of the phase-shifter that
results in a 1800 phase shift is given by Equation (1):
d = Lambda/[2(n-1)] (1)
where n is the index of refraction of the phase-shifter, and Lambda is the
wavelength of the exposure tool.
EXPERIMENT
The mask was designed using ICE, an in-house circuit design tool.
The design consisted of line/space patterns from 0.5um to 2.Oum, dark
field grating checkerboard patterns, and contact cut patterns from
0.2Lambda/NA to 1 .8Lambda/NA. Large isolated phase-shifter lines from
1.OLambda/NA to 6.5Lambda/NA were also designed to compare the
resulting line/space/line pattern with respect to the design.
A MANN 3000 Pattern Generator was used to expose a 5” x 5”
emulsion reticle which was later used to pattern the phase shifter. Two
coatings of Allied Signal 311 spin on glass were applied to a clear quartz
plate to obtain a thickness of 5600A. The spin on glass was applied and
cured by the following procedures:
I) Spin on glass was spin coated on a quartz plate at 3000rpm for 20 seconds.
ii) The quartz plate was then baked on a hot plate at 250 °C for 1 minute.
iii) A second coating of spin on glass was applied at 3000rpm for 20 seconds.
iv) The film was stabilized in an convection oven at 140 0C for 10 minutes.
v) The final cure of the film was done on a hot plate at 350 0C for 10 minutes in
nitrogen.
The mask was coated with approximately 1 .2um KT1820 positive
photoresist, followed by a 20mm / 900C convection oven prebake. It was
then exposed at 62 mJ/cm2 on a GCA MANN4800 lOx NA=0.28 G-line
stepper. The focus was optimized at 235. Following exposure, the mask
received a 80 second development in KTI934 developer diluted 1:1 with D.l.
water. The quartz plate was then hard baked in a convection oven at
140°C for 20 minutes. The spin on glass was etched in buffered HF diluted
180
10:1 with D.l. water for 7 minutes. The resist was then stripped by
soaking the plate in acetone.
Five silicon wafers were spin coated at 5000rpm for 30 seconds
with KT1820 positive photoresist (25% solid, diluted with KT1920 thinner)
to obtain a thickness of approximately 5000A. The wafers were baked for
100 seconds at 900C on a hot plate prior to exposure. The wafers were
exposed on a GCA MANN4800 lOx NA=0.28 G-line stepper, using an
exposure dose of 34mJ/cm2 and a focus setting of 250. The wafers were
developed in KT1934 developer diluted 3:2 with D.l. water until clear.
RESULTS/DISCUSSION
The wafers were evaluated using scanning electron microscopy
(SEM). Dark field was achieved by using checkerboard or lines and spaces
gratings below 0.4Lambda/NA (0.6um) on the mask as shown in Figure 2.
When the checkerboard size was increased from 0.4Lambda/NA (0.6um) to
0.6Lambda/NA (0.9um), the dark field started to degrade. These agree
well with the predictions made by the optical simulator, SPLAT.
Images of 0.6um lines and spaces were resolved by using the
chromeless phase-shifting mask as shown in Figure 3. These images
corresponded to l2um lines and spaces on the mask (lOX stepper).
Therefore, line/space periodic arrays on the mask formed double-
frequency line/space images on the wafer. Narrow lines were printed at
locations corresponding to the edge of the phase shifter as indicated by
the arrows in Figure 3.
One of the problems observed was for line and space patterns on the
mask. The resolved images were line pairs joined together at the end of
the lines as indicated by the arrow in Figure 4. In order to eliminate this
undesirable effect, 90° phase shifters should be placed at the end of each
line on the mask. Another problem concerned with using chromeless
phase-shifting mask was the fact that checkerboard or line/space
gratings were used as substitutes for the chrome regions on a
conventional chrome mask. This would tax even the most sophisticated
mask-making tools as a large number of boxes would be required to
generate dark field regions on the mask.
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Figure 2: Comparison of SPLAT Simulations with Experimental
Results for Checkerboard Patterns.
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CONCLUSIONS
The chromeless phase-shifting mask was successfully demonstrated
as a method for improving resolution in projection optical lithography.
From the SEM images, it was observed that (0.4Lambda/NA) 0.6um lines
and spaces were resolved. Grating sizes required to create dark field
regions were determined. Evidence is given that the creation of
line/space pairs will require the addition of 900 phase-shifters to the
mask. In general, this scheme does seem promising as it simplified the
fabrication process of a phase-shifting mask.
Improvements in this process will be necessary prior to it being
practically implemented into todays production technology. Further
research should be focused on improving the uniformity of spin on glass
coating and establishing a dry etching process of spin on glass to improve
the siope of the phase-shifters. The use of a chromeless phase-shifting
mask is a relatively inexpensive method to extend the lifetime of current
exposure tools into tomorrow’s technology. It improves the resolution of
an optical projection tool without sacrificing the depth of focus
associated with using a higher numerical aperture lens and/or using
shorter exposure wavelength.
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Evaluation of Polyoxide Capeccitor Edge Effects
using ramped I—V Measurements.
Loren C. ~rott
Abstract: Thermally grown oxide on poly silicon has poorer ~sulator properties than an oxide grown on
single cr~jsta1 silicon. Due to surface roughness of the polysilicon surface the localized oxide electric field
is enhanced at the surface bumps and asperities. fr~ order to mvnmize surface roughness attention has to
be given to the polysilicon surface for the steps following deposition. This inludes doping and annealing the
polysiuicon in order to increase the grain size and using care in cleaning the poly and growing the oxide.
By min~iizing the surface roughness the poly oxide has better insulating properties due to a decrease in
the localized eleckricc field and this oxide demonstrates a higher barrier height (≠~) and breakdown
voltages.
Evaluation of the oxides were done using ramped I-V measurements. The measurements were taken
at an area where Fowler-Nordhein~ tunneling ‘was taking place. That region of the cc~rve was analyzed to
find the breakdown voltages and barrier height, ~. Breakdown voltages were found to be from a low of
~7.85v to a high of 43.5v. Barrier heights ranged from 2.1eV to 2.6eV cocmpared to 3.2eV which is the
~ for oxide grown on single crystal silicon. Edge length of the test structures was also evaluated and it
was found that the barrier height decreased with increasing edge length indicating an increase in the local
electric field along the edge regions.
Theory: Thermalhj grown oxide on polijcr~stalline silicon (pol~jsilicon) is a common insulating
material thetis usedinthe microeletronicsindustrg. The nature of the surface of the polijsilicon
determines its electrical characteristics. Due to the enhanced surface roughness caused b~ the
many grains that make up pci ysilicon the oxide grown on pol~silicon is a lesser quality oxide then
the oxide that can be grown on single crystal silicon. In previous studies it he, been seen that the
polyoxide hasalower breakdownvoltageaswell asgreater Fowler-Nordheimleekege. Byaltering
the processing of the polijoxide it is possible to reduce these problems. The grains of pol’jsilion
have a certain roughness to the surface that is a variable of grain size. This roughness causes the
surface to have a varied electric field which is enhanced in the regions that form bumps of sharp
points and this electric field is what causes the oxide to be of poorer quality.
By varying the grain size of the pal ysilicon it is possible to reduce the enhanced field. As the
grain size of the pal ysilicon is increased the boundaries between the grains are decreased in
number thereby reducing the number of regions where the enhanced field would be found. Grain
-growth an be achieved by annealing the polysilicon film at temperatures above 900-950°C. It has
been found that grain growth occcurs to a greater extent if the polysilicon is heavily doped with
phosphorous. This increases the grain size drastically. In order to see the drastic improvement it
is reccomended that the doping concentration be at or above 7.5E20 cm—2. The grain growth is
possible due to the lover activation energies that are seen at the grain boundaries and with the
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addition of phosphorous these energies are decreased even further. It has been observed that for
temperatures greater than 1000°C the grain size seems to increase as the square rcxt of the
annealing time. It can ho seen that the grain size of the poUjsilicon can be increased b~ heavilLj
doping the p01 ~ with phosphorous end then annealing the pel u at above 900°C.
Oxide growth that is performed on p0ltjsilicon surfaces is a jxxrer qualttij oxide than that of
oxide grown on single cri.jstal silicon. The rate at which oxide is grown on p0l~silicon vanes due to
the menu crystal orientations that are found in the pol~jsilicon. Whichever crtjstel orientation is
the dominant orientation will determine the majority of the growth time. As the oxide is grown the
grain boundaries cause the dopent to be able to be diffused away from the surface causing the oxide
growth rate to decrease as compared to an oxide grown on slmi1er~ doped single crUstal silicon. As
the temperature of the oxide growth is decreased below 800°C the growth rate observed at grain
boundaries Is increased due to the accccumulation of phosphorous at the boundaries. This causes an
uneven oxide thickness that is undesirable so low temperature oxide growth over p01~jsi1icon is not
reccomended.
Current conduction of the oxide grown on the pol~~silicon (pol~oxide) Is greater than that of
regular silicon dioxide, usuall ~ btj several orders of magnitude. The p01 Uoxlde also has a decreased
breakdown voltage as compared to silicon dioxide. The current flow is goverened bt,j the Fowler—
Nordheim mechanism:
I=A Ki (u E)2 exp(-K2/ji E)
Where I isthecurrent;Atheeree, K1 thecarrierdistributionfactor,jithe ratioofthelocel field
to the average field E; E the average field; K2 the emmision fator related to the energy barrier
(~B=3.2 eV, 11*=.4 Mo). As can be seen in this equation the strong dependence on field makes the
conduction current veru sensitive to small changes in the electric field. Due to the surface
roughness the pol ~j surface will have an enhanced local field which is greater than the average field
causing the current to be enhanced greati tj. Another observance is the dependence on polarity. If
the polo plate is made negative the field is increased over the positive polarittj bias due to the
electron i njecton found at the pol ~silicon roughnesses. Also the higher local electric field is the
cause of the lower breakdown voltage found in the oxide. Ttjpical field enhancement over the
regular oxide is t~picall~ a factor of 3 or 4 which causes an enhancement of the injection current
a factor of around 50. This explains the necessity to tr~ to decrease the surface roughness of
the pol~pilbcon.
As can be seen b~ this discussion it is important that the poltjsilicon surface is as smooth as
possible in order to reduce the localized electric fields 8nd thereby decreasing the injection
current. Inordertodecreasethesurface roughnessthe pel~jsiliconshould be heavil~jdopedwith
-phosphorous and then anneales at above 900°C. This should smooth out the pohjsilicon surface b~
increasing the grain size. B~ reduing the grain size the localized field is decreased end therebtj
dereasing the injection current.
The edges of the capeictor plates also demonstrate inreased electric fields and can contn bute to
the lowering of the breakdown voltages and ~.
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Expen mental:
Device Fabricatien0btai n lightl ~ doped <1 00> wafers and scri be. RCA clean the wafers. Grow
3000~ of oxide at 1100°C in wet 02. RCA clean again. Etch the oxide using the oxide mask pattern
forming pads that the capacitors will be made on. Strip the photoresistinthe plasma esher. RCA
clean. 1.PCYD deposit 3O00~ of pol ~,ilicon. Dope pal ~silicon using solid source diffusion using
the following precautions: Insert wafers at 800°Cine Nitrogen ambient; Ramp upto 1000°C at
S°C/min~ 20 minutesolidsource predepositionat 1000°C; Rampdownto 800°C (orlower) at
around —5°C/mm in a nitrogen ambient. The wafers are then deglezed in HF acid. Anneal the
wafers in nitrogen at 900°C for 45mi n. The deposition and anneal were done in order to increase
the grain size of the pol~jsilicon. Pattern the polijsilicon with the pol~j mask. Etch the polL)silion
in polijsilicon etch, checking the etch rate before etching. The photoresist was removed from the
wafers b~ using miroposit photoresit stripper. Using petri dishes filled with the stripper, place a
wafer in one dish of the stripper for 2 minutes and then transfer the wafer to the other dish for an
additional two minutes. Ccontinue until all wafers are stripped. If the solution beomes too dirty
change the stripper with fresh stripper. After the wafers have gone through the two solutions
rinse the wafers in DI water for a time less than 2 minutes so there will not be exessive water in
the oxide. Inspect the wafers, if there is remaining photoresist submerge the wafers in the
stripper again until the photoresist is removed. The lot is split up at this point. One half the lot is
subjetedtoastandard RCA clean. The other half of the lot undergoes a pirhanna clean (5:1
Sulfuric Acid:Htjdrogen Peroxide) for 15 minutes. After the pirhenna clean the lot undergoes a
1 0:1 DI:HF dip for 2 minutes. The two lots should be timed so theij both are finished around the
same time. Spin drij the wafers and immediatl~ put into the oven for the oxide growth. The oxide
growthisdonc usingthefollowing precautionsinorderto minimizesurfece roughness: Startoven
at 600°C; Push wafers into the oven at 8/mi n, under an oxidizing environment( 13% dr~ 02:
87% ?42); Ramp up the oven to 1100°C; Grow 1 000~ of pal ~oxide with 100% dr~ 02(27 mm.);
Switch the gasses from 02 to N2 and anneal the oxide forl 5 minutes at 1100°C in N2; Turn power
offandlettheovenscool to <800°C; Rernovewafersfromoven(8”/min pull). RCAcleanthe
oxide before aluminum is evaporated onto the wafers. Coat the wafers with photoresist and pattern
with the metal mask. Etch the metal inAl etch checking the temperature end etch rate before the
actual etching. Stripthe photoresistinthe plesmeasher. Sinterthewaferset 450°Cinforrning
gas. The processing should be finished and the following cross section should be observed.
~ Aluminum ‘ 1ist oxide
~ Doped region(pouijsillcon end substrate) 2nd oxide
- ___
______________ ~____________________
_ 5ubstr~teComect: . : . :
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Testi req #f the finished structures: Testing was done on the test strutures using ramped I-V
measurements on a Hewlet Packard 41 45B Semiconductor Parameter Analgzer. The curves were
tested using a voltage ramp from around 20v up to around 40 to 50 volts where the capacitors
broke down. The current was monitored and evaluated at the region where the Fowler— Nordhei rn
leakage current was taking place. Curves of the log of the current vs. the ramped voltage were
plotted. From these curves and the Fowler- Nordhei m equation it is possible to determine the
breakdown voltages of the oxide and the barrier height ~B of the oxide. One contact to the test
structures was accomplished via a backside substrate contact and the other contact was made via
contacting the aluminum on top. The test structures were designed so that there were
complementerij structures, one with the aluminum contact being smeller then the pol~jsilicon the
complement being the opposite. This was done in order to eliminate biasing due to polarit~,j on the
plates. Test structures were also designed such that the area of the c~k~ plates is kept the
some but the pen miter of the devices is varied to see the effects of edge length on the capacitors.
Results: Teststrucctures I, III,endVl havesmaller metal pletesendteststructures II, IV,endV
have smeller pohjsilicon plates. The structures were tested using both a negative and positive
bias, the negative bias being where the substrate contact is negativlij biased as compared to the
positive bias. Curves were generated and from these curves the breakdown voltage and the ~
were calculated. Wafers were also evaluated to see if there was an effect of using the two different
kinds of cleans on the polijsilicon. The results are as follows:
RCAClean:
Barrier Height ~ (eV) Breakdown Voltage (v)
-Bias Mean Std.Dev.
I 2.10 2.33 37.9 2.34
II 2.33 2.18 39.2 3.56
III 2.18 2.17 38.1 2.00
IV 2.10 2.15 36.2 3.03
V 2.11 2.14 36.9 2.07
VI 2.11 2.19 40.1 2.29
Pirhanna Clean:
Barrier Height ~ (eV) Breakdown Voltage (v)
-Bias Mean Std.Dev.
2.61 2.41 43.5 2.74
II 2.41 2.29 43.2 1.50
III 2.61 * 42.4 2.80
IV 2.41 * 43.0 1.47
V 2.45 2.61 42.2 2.35
VI 2.41 * 43.5 2.14
* —capacitors broke down before reasonable curves could be generated.
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Effects of edge length on barrier height end breakdown voltage:
Edge Length (jiM) Barner Height 0E~ (eV) Breakdown Voltage (‘i’)
894.4 2.22 38.5
1118.0 2.14 37.1
1900.4 2.11 38.5
As con be seen btj the results there is a range of breakdown voltages from 36.1 volts to 43.52
volts. Barrier height was found to have a range of 2.1eV to 2.61eV which is compari bit to those
found in previous studies with values of around 2.78eV and is cocmpared to the ideal barrier
height of 3.2 eV which is the value for oxide grown on single crijstal silicon. Breakdown voltages
are low as compared to pol ijoxide breakdown voltages of around 80 volts for memor~j qua1it~j
pol ~joxides. The ideal pal tjsilicon capacitor is the one where the pol~jsi1icocn plate is larger than
thealuminum platcandthe polijsilicon plateis biased negativlijwith respeettothealuminum
plate. The results from this t~jpe of structure is a barrier height of 2.1eV for the pirhenne clean
and a value of 2.60 for the RCA clean. Breakdown voltages of the structures are 38 volts and 43
volts respectfuil~j. The results demonstrate that the RCA clean did not damage the surface as much
as the pirhanne clean and is demonstrated bij the increased barrier height and breakdown voltage
that is found in the RCA clean compared to the pirhenno. The results also show that the edge length
of the test structures does effect the readings. The barrier height was found to decrease with
increasingedgelength,a .1 1eV decrease inthe barrier height whentheedgelengthwes ahout
doubled. The breakdown voltage did not seem to vor~j with edge length and ould be a sole factor of
the oxide thikness and the po1~jsilicon surface roughness.
Conclusion: From the results of the measurements it con be seen that it is possible to
manufacture poHjoxide capacitors using the reommended care that is necessarij in order to hove a
smooth enough surface to get a fair barrier height and breakdown voltage. It can also be seen that
the processing of the capacitors is a ver~j touchij process end that the pobjailicon surface is ver~j
suceptable to subsequent proccesses. The cleaning steps that were compared shows that the RCA
clean did not damage the surface of the pol ysilicon as much as the pirhanne clean did. This is
evident in the better results obtained with the RCA clean. Edge effects were studied and were found
to have an effect on the barrier height but no noticable effect on the breakdown voltage. This leads
to the idea that the barrier height is a function of the edge length as well as the pol~jsilicon surface
roughness and qualitLj of the oxide. The breakdown voltage seems to be onlij a factor of the surface
roughness and the pohjsilicon surface as the change of edge length did not seem to var~j breakdown
voltage. It can be seen in the study that the production of polijailicon capacitors is ver~j subject to
the degree of care taken in the processing, end with fine tuning of the processes it should be
possible to produce polLjsilicon capacitors that have the standards that are needed for the
production of memor~j devices. Minimization of the edge length of the device design also will lead to
better resultainthefinal productesthe minimal edgelengthgevethe minimal barrier height.
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CHARACTERIZATION. OPTIMIZATION1 AND QUALIFICATION
OF SHIPLEY 812 PUOTORESIST FOR WAFERTRAC PROCESSING
David H. Taylor
5th Year Microelectronic Engineering Student
Rochester Institute of Technology
ABSTR ACT
Wafertrac processing was used to optimize the
photolithographic process of Shipley 812 positive
photoresist. For two, three, four, and five micron
lines, it was found that optimum conditions are
30-40 seconds development time in MF-3 19 and
about 72 mj/cm2 exposure dose. These optimum
conditions maximize the control over the size of the
image being replicated into the resist from the
mask. Hardbaking of the resist resulted in a
300-400 micron thickness loss as well as a
rounding of the resist profile. Contrast varied from
1.42 to 1.76 with the highest contrast being in the
optimum development time range of 30-40
seconds. Thickness versus spin speed was close to
the manufacturers data and uniformity of
thickness was good.
INTRODUCTION
In photolithography, success is realized through a thorough understanding of
exposure, development and processing effects on photoresist performance. An
important aspect of this performance is how well the size of images being
replicated into the resist can be controlled. A simple method for following the
resist image dimension using a Nanometrics Nanoline critical dimension (CD)
measuring system was developed.1 Not only was this method much quicker than
using a scanning electron microscope (SEM) but non-destructive as well.
Line and space pattern measurements were first made on the RIT exposure
test mask (ETM), then on the actual wafers. The resist image dimension
measurements were obtained for the islands (I) or lines and the windows (W) or
190
spaces by computer analysis at 50% line edge profile threshold using the
substrate-appropriate software programs provided with the Nanoline system
computer. The empirically generated critical dimension parameter, t~, was
obtained by subtracting the 11W dimension ratio on the photomask from that on
the wafer, and is a relative measure of how well image transfer from the mask to
the wafer is occuring.
A I/Wmask4/Ww~er
A delta of zero is the desired condition of CD transfer from the mask to wafer, and
is a unique relative exposure/development equivalence point for photoresist
performance comparison.
Plotting delta values versus exposure dose for various development times
revealed the optimum exposure/development point. The plot with the most
gradual slope indicated the best development time since changes in delta were a
minimum for changes in exposure dose. The optimum exposure dose should be
chosen at a delta of zero, however the exposure dose yielding a delta of zero
varies according to linewidth. If several different linewidths are present in the
image (usually the case) and delta for each linewidth is known, corrections can be
incorporated into mask making.
Another aspect of performance is contrast. Contrast was determined by the
following equation2:
— 1/(log D~ — log D) — log
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There was some thickness loss of unexposed resist due to development and
also to hardbaking. By taking thickness measurements throughout the process,
these losses could be measured. Hardbaking also caused slight flowing of Shipley
812 due to thermal plasticity. SEM photography was used to demonstrate how
much flowing actually occurred.
EXPERI MENT
The first part of the experiment was to determine the best volume of
photoresist to apply to the bare 3” silicon wafers. Since the wafertrac in RIT’s
cleanroom uses Kodak 820 resist, it was necessary to apply the Shipley resist by
hand with pipets. In order to do this, the cover of the resist spinner had to be
removed. The custom wafertrac programs may be found in the appendix in the
notebook.
Next, twelve wafers were coated at various spin speeds in order to generate
a thickness versus spin speed graph, which was compared to that provided by
Shipley in their resist literature. Wafers were treated with HMDS.
Wafers were then stripped and all coated at 4000 RPM (1.2 jim) for
exposure in increments of four mj/cm2 using the RIT Exposure Test Mask (ETM)
and a GCA MANN 4800 stepper. The ETM contains linewidths ranging from .6 jim
to 10 jim. These wafers were then used to generate data for contrast curves and
delta versus exposure curves.
Thickness measurements were taken with a Nanospec at the appropriate
times to monitor thickness loss after development and after hardbake. Contrast
curves were generated with thickness measurements made after hardbake. Zero
exposure thickness before hardL ‘~malized one so that thickness loss
due to hardbake could be seen on the .i~ 4st curve plots.
Linewidth measurements for delta plots were taken using a Nanoline, and
the formula for delta was used with the data to generate plots of delta versus
exposure for two, three, four, and five jim linewidths. An attempt to combine all
three variables into a single three dimensional graph proved to be too confusing
and not very helpful.
Development for these wafers was performed on the trac with Shipley
MF-319 developer. Since the trac development is difficult to reproduce on a
manual spinner and because the developer in RIT’s trac is not MF-319, it was
necessary to purge the line and replace the developer each time wafers needed to
be developed. Wafers were also hardbaked on the trac hotplate at 120° C for 45
seconds.
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Finally, wafers were developed by immersion as weil as on the trac, and SEM
photographs were taken to compare the differences. SEM photos were also taken
before and after hardbake to detect any flowing of the resist.
RESULTS
The optimum volume for hand application on the trac was 2 milliliters
applied with two pipets from either side for puddle uniformity. This gave a
slightly thicker coat than reported by the manufacturer. A plot of thickness
versus~spin speed, both for measured values and reported values, is found in
figure 1. Thickness uniformity was good, ranging from 122 16 A to 12674 A for
33 thickness measurements on 11 wafers coated at 4000 RPM.
Values for gamma and thickness losses are tabulated below in table 1.
development time thickness loss thickness loss
(sec.) (due to development) (due to hardbake)
60 1.66 307A 388A
50 1.42 306A 330A
40 1.75 145A 312A
30 1,76 170A 405A
20 1.47 85A 374A
table I
Contrast curve plots may be found in the appendix.
Delta versus exposure plots for different linewidths may be found in
figures 2 through 5. The optimum development time was found to be 30-40
seconds, and the optimum exoposure time averaged out to be about 72 mj/cm2..
Equations of the fitted lines are found beneath each graph. Tabulated data values
may be found in the appendix.
- SEM photos revealed that the 812 resist does flow due to hardbake.
Figure 6a shows 5 urn lines before hardbake with good steep sidewall profiles.
Figure 6b shows the same size lines from the same wafer after hardbake have
rounded their edges and flowed, no longer displaying the steep side walls. This
could create problems in plasma etching, as the thinned regions near the edge
may etch away leaving the underlying layer exposed to the plasma.
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CONCLUS IONS
The optimum exposure/development conditions for Shipley 812 with
MF-319 developer are 30-40 seconds development time and about 72 mj/cm2
exposure dose. These optimum conditions also yield the highest contrast.
Hardbaking causes a loss in thickness of resist - 300-400 jim for 120° C for 45
seconds. It also causes the resist to slightly flow and thus lose its steep sidewall
profile. Coating uniformity is good. SEM photos show that trac development is
comparable to immersion development - no noticeable difference was seen
Standing wave effects were noticeable prior to hardbake but flowed away after
hardbake. Shipley 812 positive photoresist is suitable for use on the wafertrac.
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LOW TEMPERATURE DEPOSITION OF FILMS BY ECR
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ABSTRACT
SiO films of high quality have been
depositeä by Electron Cyclotron Resonance
(ECR) at temperatures less than 400 ° C.
Chemistries of 02 and 25 % SiHqin Ar were
used. Deposition rates of about 220 A/minute
were obtained, studying films of typical
thicknesses of 1100 A. Characteristics of
the films studied include refractive index of
1.467 — 1.477, dielectric strengths of 5.0 —
9.0 MV/cm, dielectric constants of 3.8 — 4.2,
and buffered HF etch rates of 19 - 21
A/second. These characteristics were shown
to degrade around a deposition temperature of
200 °C, with temperatures on either side of
this range yielding better characteristics.
Optical emission spectroscopy was also
utilized to identify the species present in
the plasma.
INT~0DUCTION
Plasma enhanced chemical vapor deposition (PECVD) technology
usage has been increasing in integrated circuit fabrication as a
passivation technique [1]. PECVD allows for growth of films at
much lower temperatures than would otherwise be required by
conventional CVD techniques. A wide range of control over film
composition is also an advantage of PECVD. One technique that
has been shown recently to produce high quality SiO, films for
passivation technology is that of Electron Cyclotron Resonance
(ECR> [2—5].
The ECR plasma is generated using microwave frequencies of
2.45 GHz. At this frequency and a uniform magnetic field of 875
G the energy is efficiently transferred to the free electrons.
The process is more efficient than conventional radio-frequency(RF) PECVD systems in this transfer of energy to the plasma so
that ECR typically operates at 0.1-1.0 mTorr, one or two orders
of magnitude lower than RF systems. Also, the plasma density is
typically an order of magnitude higher than RF systems [6]. ECR
-has- also been shown as a suitable planarization technology of
submicron geometries with high aspect ratios, making it an
attractive tool for integrated circuit devices of today [3].
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The present work investigates the dependance of certain SiO
film characteristics on temperature, with temperatures being less
than 400 °C. Characteristics such as dielectric strength,
refractive index, and density are discussed.
P~0CEDURES
A schematic drawing of the ECR system used is shown in Fig.
1. More details on this system can be found elsewhere [4]. The
system consisted of a Microscience 906 ECR source attached to an
anodized aluminum chamber. A base pressure of 1 X 10~Torr was
achieved by an 880 L/s turbomolecular pump and rough pump
package. Oxygen was introduced into the source chamber, while a
25% SiH~in Ar mixture was fed through a gas ring located in the
proximity of the wafer. The wafers were placed on a molybdenum
chuck located 20 cm from the limiting ring of the source. This
Mo chuck was electrically isolated from the chamber, resting on a
Microscience 1000 heater block. The temperature was monitored by
a K-type thermocouple located at the edge of the chuck. Another
thermocouple in the center of the heater block fed a signal to a
microprocessor based heater controller.
Films of approximately 1100 A were deposited over five
minutes with an O~.flow of 140 sccm and a 25% SiHq/Ar mixture flow
of 56 sccm, a pressure of 1.4 mTorr, a microwave power of 450 W
and a temperature range from room temperature to 400°C. Film
thicknesses were measured by ellipsometry and by Nanospec.
A1/Si/SiO~ /A1 structures were used for measuring the breakdown
voltage and the dielectric constant. Optical emissions
spectroscopy was performed using a Sofie Instruments SD-20
Spectrum Analyzer, with a monitoring position of 5 cm above the
wafer.
FIGURE 1.
A schematic of
the ECR system.
202
ANALYSIS ~ DISCUSSION
Preliminary depositions were performed to find conditions
which would yield films of near stoichiometric structure, having
an index of refraction of 1.46. The flow of oxygen was kept;
constant at 140 sccm, while the SiH~/Ar flow was varied from 42
to 126 sccm. The results are shown in Fig. 2. The deposition
rate increases from about 200 s/minute to almost 500 A/minute
with the increase of SiH flow examined. The index of refraction,
however, also increased to a value as high as 1.8, indicating a
silicon rich oxide film. The conditions for the temperature
dependance experiment were chosen from these results as being an
O flow of 140 sccm and SiHq/Ar flow of 56 sccm, yielding an index
of refraction close to that of thermal oxides.
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FIGURE 2: The refractive index and growth rate as a function of
SiH /Ar partial pressure O~pressure is constant at 0.5 mT,and
microwave power is 450 W.
Fig. 3 is an optical emissions spectra of.a plasma of these
gas flows, covering a wavelength range of 200 - 750 nm. Peaks
have been identified as being those of atomic oxygen, hydrogen,
silicon, and argon, as well as bonds of SIH, SiO and Si1. A
reaction equation has been proposed by Lucovsky et al. [7] for
the process of SiO~ deposition by SII-L1and 0~chemistries in a
.remote PECVD system. This equation is given as follows:
0~ + SiH~ —~ SiOz + H~O +
where Otis a neutral oxygen metastable. This metastable is not
detectable by optical emissions spectroscopy, however.
The results of the temperature variation study seems to
suggest that this may not be the only major reaction of the film
growth process, or that it is affected by thermal activation in
some way. Fig. 4 is a graph showing the relationship of the
index of refraction, dielectric strength, and buffered HF etch
rate to the temperature of the deposition.
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FIGtJPE 3~Optical Emissions Spectra of O1and SiHq/Ar ECR plasma.
O1flow is 140 sccrn, and SiHq/Ar is 56 sccm.
All three graphs show a degradation of characteristics at
around 200 °C. Between room temperature and 200°C the index of
refraction increases from 1.467 to 1.477. With a further
increase in temperature to 400°C the value drops back down closer
to that of stoichiometric thermal oxides. The refractive index
is often used as an indicator of film quality, and the other two
curves show this clearly. The dielectric strength goes from 9.0
MV/cm at room temperature down to 5.0 at 200°C, and back up to
7.0 MV/cm at 400°C. These values are all in the range of typical
thermal oxide values.
The density of the films is related to the etch rate of the
film. Films were etched in a buffered HF (BHF) solution yielding
etch rates of 19 — 21 a/second, showing a density close to that
of thermal oxides, which had an etch rate of 15.5 A/second in the
solution. It is unclear what the degradation of the
characteristics at 200 °C is resulting from without further
analysis of the film structure, perhaps using infrared
spectroscopy or Rutherford backscatter techniques. These
techni~,ues might indicate a higher hydrogen content of the films
at 200 C, or maybe an oxide film of a higher Si content.
There was no detectable growth rate dependance on
temperature; however, this was dismissed due to the usage of
manual operation of the ECR system at a high growth rate (ie.
operator timing errors). The dielectric constant of the films
was determined by capacitance measurements of capacitor
structures, with values falling in a range of 3.8 to 4.2, with
thermal oxide having a value of 3.9. Uniformities were measured
to be typically +/- 4% across 3 inch wafers; however, the
intention of these depositions was not high uniformity, and it
might be noted that this ECR system has been shown to be capable
of high uniformity deposition of up to +1- 3% on 200 mm wafers
E8].
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FIGURE 4~ Dependance of refractive index, dielectric strength,
and buffered HF etch rates on temperature.
CONCLUSION
An ECR plasma stre~am system was utilized to deposit high
quality SiO.2. films at temperatures of 40 — 400°C. The film
quality was noted to degrade at temperatures around 200 °C, with
temperatures above and below this area showing better film
characteristics. This degradation may be due to the inclusion of
hydrogen in the films, or to deposition of Si rich films at that
temperature. This can not be determined without further analysis
of the film structures. Characteristics of the films include a
refractive index of 1.466 — 1.477, a dielectric strength of 5 — 9
MV/cm, a BHF etch rate of 19 — 21 A/second (compared to thermal
oxide of 15.5 A/second) and a dielectric constant of 3.8 — 4.2.
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